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Abstract 
  
A transient fluid acoustic model is developed and compared with experimental 
data obtained from a mercury loop in the Target Test Facility (TTF) at Oak Ridge 
National Laboratory (ORNL) in Oak Ridge, Tennessee. The TTF is a full-scale prototype 
of the Spallation Neutron Source (SNS) target. The target is liquid mercury operating at 
100 oC and flowing approximately 1440 liters per minute (380 GPM). A loss of power to 
the mercury pump causes a low-pressure wave to propagate from the pump outlet through 
the mercury supply lines that may cause vapor to form in the supply lines. The collapse 
of the vapor cavity gives rise to a pressure pulse referred to as fluidhammer. 
Fluidhammer was created in experiments at the TTF through a series of induced pump 
trips. The data gathered from these tests are presented and compared to simulation 
results. Pressure magnitudes found in trip simulations at normal operating conditions 
match nearly exactly with those found in experiments, while other trends of the time 
traces show some good agreement. In general, pump trips simulated at higher pump 
speeds lead to less agreement with measured data.  
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CHAPTER 1 
 
Introduction 
 
1.1 Background 
 
The Spallation Neutron Source (SNS), in its final stages of construction at ORNL, 
will be the largest pulsed-source of neutrons in the world with 1 megawatt of incident 
proton beam power. The purpose of this facility is to advance the fields of material, 
atomic, and nuclear science. The method for producing neutrons will come from the 
collision of a 1 GeV proton with a heavy nucleus to yield 20 to 30 neutrons. Neutron 
production from the heavy nucleus due to this type of high-energy collision is referred to 
as spallation. The heavy nucleus to be used will be pure mercury in elemental, liquid 
form at around 100 oC. Mercury has a density of 13.5 times that of water and there will 
be approximately 21 tons (19,000 kg) flowing through the SNS target loop. The mercury 
flow rate for normal operating conditions is 380 GPM. 
A full-scale prototype test facility of the SNS target loop was constructed for the 
purpose of characterizing the flow of the mercury and gaining experience with target 
body remote handling. Remote target handling is crucial for SNS operation since the 
mercury and target will be highly irradiated. The centrifugal pump, 316 stainless steel 
pressure boundary, and most other basic components are identical to those that are 
planned for use in the SNS facility. The TTF has been used for a series of tests to 
investigate the response of the flow circuit due to transients caused by the loss of power 
to the pump. 
 
1.2 Purpose 
 
    This thesis develops a transient simulation of the SNS target circuit and qualifies 
that simulation with experimental data. The experimental data is gathered from pump 
trips initiated at the TTF from different initial pump speeds. Fast transients, such as a 
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closing valve or loss of power to the pump motor, may cause a vapor cavity to form 
where the local pressure drops below the saturation pressure of the mercury. The collapse 
of this cavity may result in a very large, sharp pressure spike that subsequently 
propagates throughout the flow circuit. This type of transient is well understood for water 
systems, and is usually known as waterhammer. However, for the mercury flow the 
phenomenon will be referred to as fluidhammer.  
The prediction and analysis of fluidhammer events in pipe systems are sometimes 
overlooked during system engineering. Damage may result from fluidhammer ranging 
from the breaking of components to catastrophic failure of the system containment. This 
usually means down time for a facility, inconvenience for customers, and lost money.  
 
1.3 Scope of the Thesis 
 
This thesis develops the simulation of several pump trips performed at TTF. The 
specific contributions accomplished by the author follow: 
 
- A review of the theory of waterhammer and the methods used for analysis. 
- Familiarization with the TTF and its primary components. 
- Learning the AFT FathomTM and ImpulseTM software used to simulate steady-state and                           
transient scenarios in piping systems. 
- Modeling the TTF structure with these programs and running simulations. 
- Performing pump trip experiments with the help of TTF support staff. 
- Processing and analyzing the experimental data, including some simple confirmatory 
calculations outside of the AFT Fathom and Impulse domains. 
- Comparing the simulation results with the experimental data and investigating 
discrepancies. 
 
 This thesis expands the knowledge base for liquid metal fluidics and benchmarks 
a numerical code. This effort exposed problems to the AFT code developers involving 
non-water fluids. The problem source was corrected, making simulation results more 
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consistent to the experimental data. The effect of a two-phase, Hg-He mixture on flow 
meters calibrated for single-phase mercury was also explored theoretically, and is 
presented in anticipation of incorporating such a mixture in the SNS facility. The purpose 
of the helium is to add compressibility to the system for mitigating cavitation damage 
caused by pressure pulses introduced by the proton beam. 
 
1.4 Organization 
 
 This thesis contains a description of the TTF facility, a review of waterhammer 
theory, and a familiarization with the AFT software structure and applicability. Methods 
of waterhammer prediction and analysis along with the methods of the AFT programs 
used in this work are reviewed. An example of a simulation, from establishing inputs to 
obtaining results is documented. A description of the experimental facility and a 
discussion of the test regimen is provided along with the experimental results, and a 
discussion. Comparisons and contrasts are made between the simulation and experiment. 
Finally, some concluding remarks and a discussion of further work pertaining to this 
project are provided. 
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CHAPTER 2 
 
Description of the Target Test Facility and Fluidhammer Phenomenon 
 
2.1 Description 
 
The Spallation Neutron Source (SNS) currently under construction at Oak Ridge 
National Laboratory (ORNL) will be the world's most powerful pulsed-neutron source for 
the study of material structure and function. A linear accelerator will be used to direct 1 
GeV protons into a liquid mercury target contained within a stainless steel flow loop. 
Upon collision with a mercury nucleus, a proton will cause the spallation, best likened to 
'evaporation', of 20 to 30 neutrons on average from a mercury nucleus. The result is a 
large number of neutrons produced from the pulsed beam. These neutrons can then be 
moderated to desired energies and directed down beam lines to experiment stations.  
The TTF was designed as a full-scale model of the SNS target loop using 
approximately 21 tons of liquid mercury within a stainless steel pressure boundary. This 
facility provides a place to characterize the flow dynamics and gain operational 
experience with the flow circuit components. Fabrication of the TTF was completed in 
August 1999.   
The pipe material is 316-stainless steel in schedule-40 wall thickness. Inside pipe 
diameters range from 2 to 8 inches (5 to 20 cm.) throughout the facility. Total pipe length 
measures over 200 feet, which is divided among two bulk feed lines, a small-diameter 
window feed line, and a single bulk return line. A full-loop transit from the pump outlet 
back to the pump sump is approximately 120 feet. All of these components are contained 
within two adjacent rooms designated the target room and the pump room. Figure 2.1 
shows the facility at ORNL. 
The major components comprising the TTF are a vertical centrifugal pump, 
venturi flow meters, a target module, and heat exchangers [14] as seen in Figure 2.2. The 
pump is an induction motor-driven unit using a centrifugal impeller that is submerged in 
a sump tank. The impeller uses eight vanes with a diameter of 15 in. (37.5 cm.) and can  
 4
  
 
 
 
 
 
Figure 2.1 Target room and pump room of the Target Test Facility (TTF) located at 
ORNL. Taken from ref. [13]. 
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operate at a  maximum speed of 600 revolutions per minute (RPM). There are three flow 
venturis, for flow rate measurement. The target module has two bulk feed lines and a 
single flow return. A mock heat exchanger is incorporated in the TTF that simulates the 
hydrodynamic losses that are expected in the SNS heat exchanger. The bulk mercury 
temperature can reach nearly 40 oC  (~ 100 oF) in the TTF due to the pump energy input. 
A small heat exchange is provided to keep TTF mercury temperatures below 70 oF, due 
to concerns with mercury vapor pressure at higher temperatures. 
Figure 2.3 shows a layout view of the TTF components and piping. In this figure 
the pipe bends and elevation changes show how this system fits within the two rooms. 
The design uses raised steel beams along with various u-bolts to stabilize long spans of 
pipes. The jumper cart facilitates replacing the target module in the SNS. The logistics for 
this were studied in the TTF. The storage tank holds the mercury when the TTF is not 
operational.  
The large amount of mercury (~ 21 tons) and its toxicity requires that certain 
precautions be taken for safe operation. Two stainless steel floor pans were constructed 
for the two rooms that can each hold the total volume of mercury in the event of a 
catastrophic failure of the pressure boundary. In addition, there is a ventilation system for 
evacuating mercury vapors during operations, modification work, and maintenance. The 
off-gas port and vent tube are designated in Figure 2.3. The system is designed to 
evacuate the enclosure five times per hour through charcoal filters. This creates a 
negative pressure environment in the containment rooms. 
 
2.2 Nominal Flow Rate 
 
The SNS operates with nominal flow rate of 380 gallons per minute (1440 L/m) at 
the pump discharge. While this flow rate is seen at the pump, and the bulk target return, 
approximately half this value is in each bulk feed line. A maximum flow rate of nearly 
570 GPM (2150 L/m) at the pump discharge was attained at 600 RPM. The nominal flow 
rate of 380 GPM was achieved at a pump speed of ~ 400 RPM.  
 7
  
 
 
 
 
 
Figure 2.3 Layout view of TTF. Taken from ref. [13]. 
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2.3 Fluidhammer 
 
There is a concern with losing power to the pump at the SNS during operation, 
which may initiate a damaging transient response in the target flow loop. The loss of 
pump power is a high probability and the effect this would have on the system must be 
acceptable. Of primary concern is the occurrence of a fluidhammer. Fluidhammer may 
occur when a pump trip or rapid valve closure causes a rarefaction wave to propagate 
downstream, making the pressure at some downstream location fall below the saturation 
pressure of the mercury. A vapor cavity is formed within the pipe when the pressure falls 
below the saturation pressure. With the bulk fluid temperature, Tbulk, at nearly 100 oC, the 
saturation pressure of mercury is 0.014 psia (96.5 Pa).  
Then, the bulk fluid downstream of the cavity decelerates and stops. The time this 
takes depends on the initial flow velocity and the length of the fluid column downstream. 
The fluid reverses direction and the cavity collapses. The mercury will deposit its kinetic 
energy in the form of a pressure pulse, or fluidhammer, when the liquid upstream and 
downstream of the cavity collides. This pulse will propagate through the system at the 
sound speed of the coupled mercury and stainless steel piping.  
The process of fluidhammer is depicted in Figure 2.4. The transient is initiated by 
the collapse of the vapor cavity into, for the sake of discussion, a closed end of a pipe. 
The fluid stops at the closed end and a pressure pulse arises. This pressure information 
moves in the negative-x direction, opposing the moving fluid traveling at vf. The fluid 
stops as the initial pressure pulse moves to the left, as shown in Figure 2.4. The interface 
between moving and stationary fluid corresponds to the pressure wave and it moves 
upstream at the speed of sound. If the fluid stops suddenly, one can reason that the 
change in the velocity between the left and right boundaries, ∆V = Vl – Vr, is equivalently 
Vf - 0. Performing a momentum balance on the control volume in Figure 2.4 yields the 
expression, 
 
)0()( −=−=Σ fxsrlxsexit VcAPPAF ρ                                      (2.1) 
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vf and resulting fluidhammer 
 
 
 
 
 
Figure 2.4 Time process of liquid column traveling at 
pulse propagating at cHg = 1400 m/s [NPD] 
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and the rate of momentum change of the fluid column is equal to: 
 
fxsVcAM ρ=∆                                                     (2.2) 
 
he SI unit of momentum, M, is kg-m/s2. Dividing the left side of Eq. 2.2 by the cross-
g 
T
sectional area of a pipe, Axs, yields the change in pressure due to the progressive stoppin
of the fluid column; 
 
fP cVρ∆ =                                                         (2.3) 
 
he peak pressure created by stopping a column of mercury moving at 1 m/s is 
(13,535 k 
 
 
 T
 kg/m3)(1400 m/s)(1 m/s) = 19 MPa (2750 psi). This is nearly 13.5 times the pea
pressure estimated with water as the working fluid. A cavity does not necessarily have to 
form preceding the hammer. The pressure wave can be caused by sudden valve closure or 
a change in pump speed. The transient must be communicated to the remainder of the 
system in order for it to adjust. The speed at which this communication occurs is called
the wave speed of the system, a, which is similar to the sound speed of the fluid, c. In 
pure mercury, the sound speed is around 1400 m/s (4750 ft/s). The pipe wall elasticity,
mass, fluid compressibility, and the method of pipe support all affect the wave speed. If 
only pipe wall elasticity is considered, the modified wave speed is given as, 
 
PL YDY
ca δ/1
1
+=                                                      (2.4) 
 
 
here D is the inside diameter of the pipe, YL is the fluid bulk modulus of elasticity, δ is 
e 
d 
w
the pipe wall thickness, and YP is the pipe elastic modulus. In the TTF, this modified 
wave speed ranges from 700 to 860 m/s in 5 to 20 cm diameter pipes, respectively. Th
bulk feed line diameter is approximately 10 cm and the wave speed is 790 m/s (2600 
ft/s). Pipes communicate the pressure information to the rest of the system at this spee
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and the system can then adjust to the new conditions. For a simple pipe the 
communication time would be the time it takes the wave to travel to one end of the pipe 
and back to the point of origin. The communication time is given as,                                                           
 
a
Lt 2=∆                                                           (2.5) 
 
where L is the length of the pipe. Communication time is 0.09 s from the pump discharge 
to the s
s 
 
 
f of this 
ns 
 
and velocity waves can be understood by dividing the event into the 
four tim
ch 
transient flow event due to a disturbance source having extremely short time duration.  
ump return and back. 
It is known from system examination [13] that the most likely region for 
fluidhammer to originate in the TTF is just upstream of the target window. An orifice 
plate and 180-degree change in flow direction introduce significant local pressure losse
in this location during normal operation. Here, the pressure drops below the saturation
value when the rarefaction wave arrives from the discharge of the tripped pump. The 
distance from the pump discharge to the target is about 50 feet (15 m.), which makes the
communication time ∆t ~ 0.038 second. If the operating pump trips, it takes hal
(0.019 second) for the depressurization at the pump discharge to communicate 
information downstream to the target. If a cavity forms and collapses, it will take the 
pressure wave 0.038 seconds to propagate to the pump sump and back. Then the pressure 
in the target can adjust as the wave reflects and a period of depressurization begins at the 
same point. This lasts for another 0.038 seconds when the negative pressure wave retur
to the target and the process starts over again. This is illustrated in Figure 2.5, where a 
rapidly closing valve replaces the simple closed pipe from Figure 2.4. The pattern of the
reflected pressure 
e phases. 
Waterhammer, or fluidhammer, analysis requires a propagative flow approa
rather than a solution with a bulk flow analysis. It is characterized as a distributed 
 12
 
    
 
 
 
 
 
 
 
Figure 2.5 Pressure and velocity wave propagation during fluidhammer. Taken 
from ref. [11] 
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This disturbance could be caused by a fast closing valve, a pump throttling or trip, liquid 
vaporization, or vapor condensation. The disturbance time is restricted to being less than 
or equal to the transit time of sound waves from one end of a structure to the other: 
 
d
Lt
c
≤                                                          (2.6) 
 
Other characterizations of conventional fluidhammer analysis include a constant sound 
speed, small Mach number (V/c), and small density changes. Temperature and heating 
effects due to the transient are negligible for liquid systems.  
The equations for momentum and mass continuity are given by 
 
Momentum: 
0
2
||)sin(1 =++∂
∂+∂
∂
D
VfVg
t
V
x
P αρ                                  (2.7) 
 
 
Mass: 
02 =∂
∂+∂
∂
t
P
x
Vaρ                                                      (2.8)     
re the 
 found by adding the static pressure to the value 
und for the pressure surge given as, 
 
 
where pressure and velocity are the dependent variables while position and time a
independent variables. Here, α is the angle of the pipe slope to take into account 
elevation changes. When simplified to algebraic expressions and combined together, 
these equations give the value for pressure surge due to the transient. Depending on td, 
fluid density, and the change in velocity of the fluid, the maximum theoretical pressure 
change for a fluidhammer event can be
fo
VP a∆=∆ ρ                                                         (2.9)                        
 
If the flow stops, then ∆V = Vf and ∆P = ρaVf. The instant the valve is closed, the 
adjacent fluid is brought to rest from the initial velocity, Vf, by the impulse of the higher 
pressure at the valve face. So, this high-pressure wave is seen as traveling upstream from 
the closed valve at velocity a.  
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Considering a hypothetical value for Vf of 1 m/s and a modified wave speed of     
800 m/s for the TTF, the instantaneous fluidhammer equation (Eq. 2.9) gives a pressure 
                          
is a 
aint, the complexity of the piping and target geometry, or other 
dissipative effects. 
.4 Venturi Characterization for Helium Injection 
 
e 
r will 
op 
he 
 pressure and velocity usually called the 
Bernoulli equation for horizontal flow. 
 
spike of ~10.8 MPa (1590 psi). This is assuming that the vapor cavity collapses and the 
mercury column reaches a velocity of 1 m/s before all the vapor is condensed. This 
theoretical value for an expected pressure spike and does not take into account the 
method of pipe restr
 
2
The SNS mercury may be converted to a Mercury – Helium (Hg - He) mixtur
with ~0.5% gas volume fraction. It is desirable to know the behavior of an Hg – He 
mixture in the venturi flow meters of the TTF. Presently they are calibrated for a flow 
with pure mercury and the velocities given will be for this fluid. A correction facto
be needed to adjust the indicated mercury velocity into the true mixture velocity. 
Basically, the flow meters were calibrated for pure mercury by reading the pressure dr
across the venturi while measuring the flow velocity using a separate technique. T
venturi operation is relationship between
tttuuu PVPV +=+ 22 2
1
2
1 ρρ                                           (2.10) 
re drop 
 at the throat. Analytically, one can find this 
lationship from equation 2.10, 
 
                                                      (2.11) 
 
where V u and Pu are the upstream (inlet) velocity and pressure while V t and Pt  are the 
throat (downstream) values. The calibration gives a relationship between pressu
across the venturi and the velocity
re
22
tVKP =∆
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Here K is the calibration coefficient dependent upon geometry and fluid density such that 
 
⎥⎥⎦
⎤
⎢⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛−=
4
2 1
2
1
D
dK Hgρ                                                  (2.12) 
 the relationship between the 
elocity calculated and the true velocity of the mixture, 
 
 
where d is the throat (downstream) diameter and D is the inlet (upstream) diameter. With 
this factor it is possible to solve for Vt  analytically. The solution needs to be corrected if 
one wants to find the velocity of the mixture. Looking at
v
L
P
K
PC
2/12/1 ∆=∆                                                  (2.13) 
 
rnoulli equation solved for a variable density fluid. 
rom equation 2.13 it is obvious that C = K / L with the pressure drops set to a constant 
value. Using the density relation, 
 
 
we wish to solve for the corrective factor C in order to get the correct mixture velocity. L
is the equivalent 'K' term in the Be
F
 
HgHemix ρααρρ )1( −+=  
 
 
The small mass contribution of helium to the overall density (0.005-0.02 void fractio
and 0.1328 kg/m
n 
idered to be negligible. However, the density change in 
ercury due to the changing gas volume fraction across a venturi must be modeled, 
The mass flow balance equation, 
3 density) is cons
m
otherwise the problem is trivial.  
 
 
2
2
2
2
22
⎟⎠
⎞⎜⎝
⎛=⎟⎠
⎞⎜⎝
⎛ dVDV ttuu πρπρ                                            (2.14) 
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 and the isothermal gas relation,  
 
ttuu PconstP αα == ][                                               (2.15) 
 
can all be used to find L from Equation 2.13. After substitution and the use of ρmix  = (1-
α)ρHg , the mixture velocity at the throat can be found as  
 
( )
2/14
2/1
11 ⎪⎫⎪⎧ ⎤⎡ ⎞⎛−
∆=−
d
PV mixt α
                            (2.16) 
here the denominator is L from equation 2.13. The αt term can be rewritten using 
equation 2.15 as 
1
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u
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t
u
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VK
P
P
P
−−
== ααα                                                  (2.17) 
 
Some idea of the pressure or void fraction at the inlet must be known in order to 
use Equations 2.16 and 2.17 to solve for the factor, C, in equation 2.13. Using the Fathom 
results t 
re 
 
ch, 
0.724 r made 
in the January 2003 SNS report [14], one can find reasonable pressures to use a
the flow venturi inlets. The void fraction can be found for any location in the TTF if the
is an assumed 0.5% at 9.0 bar upon injection of the helium and the pressure at the point 
of interest is known. 
There are three different sizes of venturis used in the TTF. There is a 2" flow
meter in the window feed line, two 4" meters in the left and right bulk feed lines ea
and a 6" return feed venturi which all give three throat-to-inlet ratios of 0.561, 0.745, and 
espectively. Using these values and pressures from Fathom, a table has been 
showing the flow for pure mercury and the corrected flow with the mixture in both 
 17
nominal and maximum flow cases. The pressures taken from Fathom are for pure 
mercury, so the following cases assume the same pressure is read with a varying density. 
In Table 2.1, some consistency can be seen in the C values from one size to 
another given the same flow regime, particularly the 2" and 4" venturis. There is an 
increase of ~0.01-0.017 m/s in each case. Each of these cases assumes a steady state flow 
condition through the venturis with no perturbation allowed in the mass flow. It should be 
noted that during transients, such as pump trips, the pressure of the Hg-He mixture can be 
quite low at the venturis, elevating the gas volume fraction and the calibration effect. 
 18
 Table 2.1 Pure Mercury Flow and Corrected Flow 
 
 
 
Pu 
(psia) 
Vu-Hg 
(m/s) 
Vt-Hg 
(m/s) 
K Pt 
(psia)
α1 L C Vt-mix 
(m/s) 
dm 
(kg/s) 
2"        corrected  
73.7 0.716 2.276 77.84 69.2 0.89% 77.47 1.005 2.287 20.9 
112.7 0.988 3.138 77.84 104.1 0.58% 77.6 1.003 3.148 28.8 
4"          
66.7 1.366 2.46 68.21 62.6 0.98% 67.9 1.005 2.473 151.7 
105.7 1.887 3.4 68.21 97.9 0.62% 68 1.003 3.41 209.2 
6"          
51.7 1.295 2.471 69.67 47.4 1.26% 69.2 1.007 2.488 325.5 
71.7 1.789 3.413 69.67 63.5 0.91% 69.3 1.005 3.43 448.7 
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CHAPTER 3 
Applied Flow Technology FathomTM and ImpulseTM Multi-pipe 
Modeling 
 
3.1 Software Description 
 
    Applied Flow Technology (AFT) Corporation located in Woodland Park, CO 
provided the modeling software used for simulations. The program used for steady state 
simulation is AFT FathomTM while transient simulations were performed with AFT 
ImpulseTM. These are Microsoft WindowsTM based programs which use a graphical user 
interface (GUI) to build system models in a schematic fashion. A computer model of the 
TTF was built using AFT's steady-state-only program, FathomTM, and results were 
reported in a previous publication [14] by Rennich. AFT Impulse, like Fathom, uses a 
drag-and-drop interface to connect components such as pumps, reservoirs, pipes, valves, 
and different junctions. All of the components have their own specifications to provide as 
input for the model. An example of the model shown in the GUI is in Figure 3.1. Both 
programs utilize the Newton-Raphson matrix method to solve for pressure distribution or 
flow rates in the system. AFT Impulse uses the Method of Characteristics (MOC) for all 
calculations occurring after initial values are obtained for the steady-state condition.  
 If the pressure at a system boundary is known, then the flow rate can be solved at 
that location. The matrix method solves the momentum and mass continuity equations 
iteratively by finding the roots of the equations. The steady state energy and mass 
conservation equations are, 
 
Energy balance (Bernoulli's equation): 
lossPghVPghVP ∆+++=++ 22221211 2
1
2
1 ρρρρ                           (3.1)                         
Mass continuity: 
VA
dt
dm
xsρ=                                                       (3.2) 
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Figure 3.1 AFT FathomTM/ImpulseTM interface model of TTF (software generated) 
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where P1, P2, V1, V2, h1, and h2 are the static pressure, fluid velocity, and height above a 
 zero reference at computing nodes 1 and 2 as denoted by the subscripts. The pressure loss
term in the momentum equation arises from wall shear stress, which is computed between 
pipe nodes in the model. The loss due to wall shear is defined from the sum of the forces 
on a control volume as: 
 
DLDPDPF wext πτππ −−==∑ 440
2
2
2
2
1
1                                    (3.3) 
 
For a uniform pipe, as shown in Figure 3.2, D1 = D2 and one obtains 
 
⎟⎠
⎞⎜⎝
⎛==∆=− 2212 2
1
4/
V
D
Lf
D
DLPPP wloss ρπ
πτ                             (3.4) 
 
where τw is the wall shear stress and f is the Darcey-Weisbach friction factor. The length 
of the control volume, L, is equal to the directional change of the fluid volume element in 
Figure 3.2, dx, and Equation 3.4 can be written as, 
 
D
fV
x
P
loss
2
2
1 ρ=∂
∂                                                     (3.5) 
 
and the force due to shear stress on the volume element is found using the cross sectional 
area of the pipe. 
 
dxA
D
fVFdPA xslosslossxs
2
2
1 ρ==                                        (3.6) 
 
If the time rate change of the momentum of the control volume is included with all forces 
present, Equation 3.3 becomes, 
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Figure 3.2 A control volume element (blue) moving through a uniform, horizontal 
pipe [NPD] 
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0)()( =+∂
∂+−=∑ FmVAPPF                             (3.7)
 
tionships. Making a first order expansion of the pressure term located at 
oint 2 of the control volume, the first term on the right side of Equation 3.7 can be 
rewritten as, 
 
 + losscvxsdxxxext t
where m is the mass of the fluid element. Some substitutions can be made using the 
following rela
p
xsxxxsdxxx Adxx
PPPAPP )()( ∂
∂++−=−                                 (3.8) 
The second term, acceleration of the fluid element, can be
+
 
 expanded using the chain rule. 
 
t
VmVmmV cv tt ∂
∂+∂
∂=∂
∂ )(                                            (3.9) 
The mass of the fluid element in Figure 3.2 is defined using the relationship m = ρdxAxs. 
Equation 3.9 now becomes: 
 
 
t
VdxAVdxA
t
mV
t xsxscv ∂
∂+∂
∂=∂
∂ ρρ)(                                   (3.10
 
The density change of the fluid is generally regarded as being very small for liquids, so 
small that the term is usually neglected. However, this generalization may not hold for 
two-phase flows. If the TTF mercury contains trace amounts of any gas in the loop, the 
density of this two-phase element can change with time. In the case of fast transients, th
density would change rapidly with respect to time. The generalization also a
) 
e 
ssumes that 
e pipe is rigid and there is no appreciable area change in the pipe. If the first term on the 
right side of Equation 3.10 is taken as zero and combined with Equatio
.8, the following expression for the forces on the control volume element, 
 
th
ns 3.6, 3.7, and 
3
 24
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1( 2 =++∂
∂+∂ dxA∂ xsxsxs dxAD
fVghdxA
t
V
x
P ρρρ                      (3.11) 
 
Dividing by ρdxAxs leads to, 
 
0)sin(1
2
=++∂+∂ fVgVP α                    
2∂∂ Dtxρ
 
which is the form of the mom
                 (3.12) 
entum balance presented as Equation 2.7.  
The TTF operates in Reynolds numbers ranging from ~100K to 800K, 
corresponding to turbulent flow where the Reynolds numb
 
er, Re, is found using the 
Colebrook-White equation.  
2
51.2/2
−⎤⎡−= Df λ
Re7.3
log
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⎢
⎣
+
f
                                        (3.13) 
 
where λ/D is the relative pipe roughness. For laminar flow (Re < 2300), the friction 
ctor for flow in tubes changes to fa
 
Re
64=f                                                           (3.14) 
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3.2 Newton-Raphson Matrix Method 
 
The static pressure, Pi, and the dynamic pressure represented by ½ρVi2 are 
combined to form stagnation pressure, Ptot. This allows Equations 3.1, 3.2, and 3.4 to be 
rewritten as,  
 
2
222,11, 2
1 m
AD
LfghPghP tottot &⎟⎟⎠
⎞
⎜⎜⎝
⎛++=+ ρρρ                              (3.15) 
 
The sum of all mass flow rates at each junction of pipes, ij
j
m&∑n
=
ust equal to 0. This 
reates a form of Equation 3.15 to be solved at each pipe branch, j. 
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f the 
e flow rates are 
initially d 
uess 
ethod is used to converge to solution, resulting in a sparse matrix that is 
solved during each solution iteration. The solution is converged by evaluating the change 
⎠⎝j ijR1
 
where R is the coefficient of 2m&  in Equation 3.15 [11]. The pressures that satisfy 
Equation 3.16 are found at every branch. When calculations begin, the right side o
equation is likely not going to be 0. There will be some error since th
 guessed. Designating a known pressure in a reservoir or prescribing flow rate an
pressure drop performance of a pump during model building, provides boundary 
conditions that drive the solution for the rest of the system.  
The procedure begins with a guess at the pressure using a proprietary technique. 
The pressure loss through each pipe is calculated, which in turn creates an updated g
by the program as to what the flow is and the pressure loss is calculated consistent with 
this update. Then the flow is again calculated according to the new pressure information. 
The N-R m
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in pres
es. If 
r 
lue in order to declare convergence. A relative tolerance scheme 
ompares the current error with the previous error to see if the percentage change is 
mate 
uations, Eqs. 2.7 and 2.8, 
are tran
ergy (Eq. 2.7) and mass balance (Eq. 2.8) equations are designated L1 and 
2, respectively, they may be combined linearly by some unknown multiplier λ to yield 
the expression 
 
=λ(1/λ Px + Pt)+(ρVt + λρa2Vx) + ρgsin(α) + ρfV|V| / 2D = 0               (3.17) 
 in terms of pressure and velocity that are equivalent to Equations 2.4 and 
sure after each iteration. Once this change is sufficiently small, the calculation is 
complete.  
Convergence requirements are specified through absolute or relative toleranc
absolute tolerance is chosen, Impulse checks the current error to see if it is less than o
equal to a given va
c
adequately small. 
 
3.3 The Method of Characteristics 
 
 While the surge pressure defined by Equation 2.6 is helpful in gaining an esti
of the maximum stress imposed on a system due to fluidhammer, it is desirable to 
understand how the system responds in time to power interruptions. This involves a 
method of analysis that can track the movement of the pressure wave. Several methods 
are available; almost all are numerical methods. One of these is called the Method of 
Characteristics (MOC) in which the two partial differential eq
sformed into four ordinary differential equations. The four ordinary differential 
equations are integrated to form a finite difference solution.  
If the en
L
L=L1 + λL2 = 0 
 
 
 
where Px = δP/δx, Pt = δP/δt, and so on. Any two real, distinct values of λ will result in 
two equations
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2.5. Pressure and velocity are dependent upon x and 
e can find: 
 
t. If x is allowed to be a function of t, 
w
tx Pdt
dxP
dt
dP +=                                                (3.18a) 
 
 
tV                                              (3.18b) x dt
dxV
dt
dV +=
onsidering the Equations 3.15, it can be shown that if  
 
 
C
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dt
dx λλ ==                                                    (3.19) 
 
then 
 
a
 
 
1±=λ                                                         (3.20) 
and 
 
a
dt
dx ±=                                                       (3.21) 
 
Equation 3.21 reinforces the concept of the change in position of the w
e time  
ty, a. Combining Eq. 3.17 through 3.19 gives, 
 
ave with respect to 
th
as the propagation veloci
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D
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dt
dV
dt
dP ραρρλ                               (3.22) 
 
 
 
or, using Equation 3.20, 
 
0
2
||)sin(1 =+++±
D
VfVg
dt
dV
dt
dP
a
ραρρ                              (3.23) 
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Equations 3.21 and 3.23 form two pairs of equations grouped as 'C+' and 'C-' equations, 
which are the basis for MOC evaluation.  
 
 
⎪⎪⎭
⎪⎬
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⎪⎨
±=
±
a
dt
dx
DdtdtaC 2:                    (3.24a,b) 
⎪⎫⎪⎧ =+++±
VfVgdVdP 0||)sin(1 ραρρ
Multiplying by the factor a dt (= dx) and using the relation sin(α
hange in pipe elevation, one can create an alternate form for Eq. 3.24a, 
 
 
) = dz/dx, where dz is the 
c
 
 
0
2
||+++± d
D
VfVgdzadVdP =xρρρ                                (3.25) 
here 
aterial type (roughness), flow area changes, and bends are prescribed. While MOC is 
used to give solutions for unsteady flow, Impulse u
find steady-state values, which would be the initial values at A and B in Figure 3.3. The 
me step for MOC calculations is determined by pipe sectioning using the equation 
 
 
These are left (-) and right (+) traveling characteristic lines in the xt-plane. A pipe is 
divided into an even number of sections, n, each one ∆x in length. Then, a time step is 
determined as ∆t = ∆x / a. This is illustrated in Figure 3.3. 
 AFT Impulse numerically solves for one-dimensional, single-phase flows and 
pressures. Hydraulic loss models are characterized by the pipe input specifications, w
m
ses the Newton-Raphson method to 
ti
 
a
x
na
Lt ∆==∆                                                      (3.26) 
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Figure 3.3 Characteristic lines in the x-t plane 
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The pipe that controls the pipe sectioning is the hydraulically shortest pipe in the 
system since it is the one with the shortest communication time. This is not necessarily 
the pipe that is physically the shortest. The details of the pipe chosen as the controlling 
pipe are presented in the simulation results of Chapter 6. Once the controlling pipe has 
been chosen, the remaining pipes will most likely have section numbers that are not 
whole numbers. This problem is remedied by allowing the least certain parameter in the 
system to deviate slightly in order to make n a whole number. The wave speed is 
considered the system property with the most uncertainty. This is done automatically in 
Impulse when prompted to define error restrictions that govern the accuracy of the 
solution methodology. 
Through the N-R method, initial properties are known at time step, t = 0, at points 
A and B. The point p denotes the place in space and time that the solution is sought. The 
C+ characteristic is used to cover the grid from A to p, while C- is used to relate point B 
to p. Integration of the C+ characteristic from Eq. 3.24 between the limits A and p yields 
an expression for variables P and V at the point p. The same thing can be done to the C- 
characteristic between B and p. Once this is performed, two equations with two unknown 
variables result.  
A simultaneous solution will give the conditions at the particular position and 
time, p. Integrating both of the equations in 3.24 leads to: 
 
(Pp – PA) + a/Axs(m'p – m'A) + ρg(zp – zA) + (f∆x/2ρDAxs2)m'p|m'A| = 0 
 
-(Pp – PA) + a/Axs(m'p – m'A) + ρg(zp – zA) + (f∆x/2ρDAxs2)m'p|m'A| = 0          (3.27) 
 
in which the mass flow rate has been substituted for velocity using dV = dm' / ρAxs. From 
this pair Pp and m'p can be solved by setting the equations equal to one another and 
obtaining an expression in a finite difference form.  
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Pp = CP – Bpm'p
 
Pp = CM – BMm'p
 
where: 
 
CP = PA + Bm'A - ρg(zi – zi-1) 
CM = PB + Bm'B - ρg(zi – zi-1) 
BP = B + R|m'A| 
BM = B + R|m'M| 
B = a/A 
R = f∆x/2ρDAxs2 
 
 
To get the pressure, the flow rate is eliminated to give 
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milarly the flow rate is found by eliminating the pressure, 
 
                                                 (3.28) 
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−='                                                       (3.29) 
 
 
er 
 
ould be the end condition or a  
junctio
 
3.3 except that the right-traveling characteristic, C+, would apply as in Figure 3.4. Each  
These final equations give solutions to all of the interior points in a pipe. At eith
end, however, there is only one characteristic line that is available in terms of the two
dependent variables. A second, boundary condition specifying pressure and velocity 
needs to be used at either end. This auxiliary equation c
n element with specific functions for P and V.  
The boundary at the right end of the pipe would have conditions similar to Figure
 32
  
 
 
 
 
 
 
 
Figure 3.4 C- characteristic at left boundary 
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boundary condition is solved independently of all other b.c.'s and interior points. Once 
the pressure and flow rate distribution is solved, other properties can be found, such as  
the hydraulic grade line (HGL), vapor volume, or mass flow using equations of state. The 
HGL, also known as the piezometric head, is a way of expressing the energy per unit 
weight of the fluid in terms of distance above or below a zero reference point: 
 
g
pzH ρ+=                                                      (3.30) 
 
where z is the potential energy due to elevation and p/ρg is the pressure energy per unit 
weight. 
 
3.4 Other Methods of Analysis 
 
 There are other methods available for modeling transient flows in pipes [9]. They 
all start with the equations of mass, momentum, or energy conservation. Arithmetic and 
graphical fluidhammer analysis both neglect losses of the system. However, the graphical 
method can use a correction term to lump losses. These methods were used through the 
1930s and into the 1960s until numerical methods could be implemented more readily in 
digital computers. An implicit method using a finite difference procedure has an 
advantage in specific problems due to the loose relationship between the time step and 
the length increment. This advantage is lost when simulating fast transients such as 
fluidhammer since the Courant condition must be respected to maintain accuracy. The 
Courant (CFL) condition stipulates that the distance traveled by a wave in a single time 
step must not exceed the distance between two consecutive nodes, as prescribed in 
Equation 3.26. 
 The advantages of MOC make it ideal for fluidhammer analysis. It uses an 
explicit solution scheme, it is a relatively simple procedure, and it's accuracy is nearly 
unmatched by other methods when executed correctly. These attributes have helped 
MOC gain popularity in computer programs that aid in design and problem solving for 
 34
piping systems. Although explicit methods are not inherently stable as implicit methods 
are, the fact that the governing differential equations are not "stiff" equations makes the 
ease of computation attractive. The primary disadvantage of the MOC is also the 
adherence to the Courant condition.  
 
  
 
 
 35
CHAPTER 4 
 
Fluidhammer Experimental Setup and Test Conditions 
 
4.1 Operating Characteristics 
 
The TTF is a full-scale prototype of the High-Power Target mercury loop of the 
SNS. It consists of 316-grade stainless steel piping in Schedule-40 gauge thickness. A 
full transit of the loop is about 37 meters (120 feet) and the distance from the pump 
discharge to the target is nearly 15 meters (50 feet). The Y-12 National Complex at Oak 
Ridge supplied approximately 1400 liters (370 gal.) of liquid mercury for the TTF. 
During normal operation there is about 1320 liters (348 gal.) in the loop for experiments 
while the rest stays in the storage tanks.  
 The mercury pump is a purpose-built centrifugal unit supplied by Sterling 
Fluid Systems. A certified pump curve that relates pressure head generated versus 
volumetric flow rate is shown in Figure 4.1. Several curves are shown for different pump 
speeds and while the pump is rated for a maximum speed of 600 RPM, the nominal flow 
rate requirement of 24 L/s (380 GPM) from the pump is achieved at ~ 400 RPM.  
 
4.2 Sensor Placement 
 
 The experiments for pump trip testing were coordinated with the TTF staff at Oak 
Ridge National Laboratory in October 2004. The series of tests followed a plan 
prescribed beforehand where trips began at low speed and were increased in 100-RPM 
increments. The data was recorded with a digital oscilloscope for trips at 120, 200, 300, 
400, 500, and 600 RPM. The low-speed trips were done to ensure all equipment was 
working as expected and to allow fine-tuning the procedure for further trips. There were 
other trips performed to determine the speed at which audible fluidhammer was 
experienced. A total of 26 pump trips were performed in three hours with eight data 
channels saved from each trip. The locations of the sensors are shown in Figure 4.2. 
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Figure 4.1 Sterling Fluid Systems pump curve. Courtesy of ref. [14] 
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Table 4.1 Oscilloscope Channels and Corresponding Locations 
 
Channel Impulse location TTF location 
1 Junction J25 Bulk Feed 1/East 
Flow 
2 BJunction J34 ulk Feed 2/West 
Flow 
3 Junction J43 Bulk Return Flow 
4 Pipe P1 - outlet Sump Pressure 
5 Pipe P36 Bulk Feed 2/West 
- outlet Pressure 
6 Pipe 40 
- station 27 
Bulk Return 
Pressure 
7 Pum ld Pipe 4 
- outlet 
p Manifo
Pressure 
8 Pum eter Junction J2 p Tachom
 
 
 The data channel assignments are list  in Table 4.1. Three flow measurements 
ere taken using traces from the pressure taps in the flow venturis. The four pressure 
easur  
ere 
 
. 
eded to capture the pump RPM during this 
coast d
on 
f 
 
ed
w
m ements came from dynamic pressure sensors, each with a response of 10 mV/psi.
The sampling rate ranged from 1kHz to 10kHz depending on the length of time data w
taken for a trip. The tachometer signal comes from a light emitter/receiver apparatus. The
sensor placements correspond very closely to the locations discussed in the simulation 
from Chapter 6, as referenced in Figure 3.1.  
When the pump trips, the signal for pump speed is lost from the pump controller
Therefore, an independent tachometer was ne
own period. A suitable detector was chosen which consists of an infrared light 
emitter/receiver, power supply module with an AC-to-DC outlet converter, reflective 
taping, and accompanying cables from Monarch Instruments©. Placing this apparatus 
the pump reservoir permitted reading light pulses from several, equally spaced pieces o
reflective tape on the pump shaft where it exits from the seal at the top of the reservoir. 
Four equally-spaced pieces plus one extra adjacent piece allowed discrimination between
 39
the pump coasting down mono-directionally or potentially changing directions due to th
fluidhammer. Preliminary testing of the tachometer was done using a lathe as shown in 
Figure 4.3. 
A ninth channel was used for the pump trigger to retain all subsequent channel 
information 
e 
once a lower voltage threshold was met on the trailing edge of the trigger 
signal. as 
Procedure 
recording devices were in place, the tests were begun. 
he loop was initially empty of mercury, which meant a vacuum had to be applied to the 
l 
 
f 
 
ngs 
 
With the pump on, a 24-volt signal is given continuously and the trigger level w
set at 20 volts. Data was collected and saved using a 16-channel Yokogawa DL716 
digital oscilloscope. 
 
4.3 Pump Trip Test 
 
 Once the sensors and data 
T
flow loop in order to minimize contamination and oxidizing of the mercury upon filling. 
Then the loop was filled and operated in steady state at the desired pump speed by 
allowing the flow rates and pressures to stabilize. At that time, electrical power to the 
induction motor was cut and the pump impeller began to coast down from the initia
speed. Depending on the conditions, data was recorded for 2, 5, or 10 seconds after the
trip was induced. Most of the trips were repeated in order to capture a large window o
information over 5 or 10 seconds during one test and a smaller window of 2 seconds for
the next. All of the trips have 10,000 data points recorded for each, so this procedure 
results in higher frequency detail for the pressure signals in the smaller time range data. 
 A total of 26 pump trips were performed. Table 4.2 gives the oscilloscope setti
and description information for each transient recording. While results for a trip from 400
RPM (nominal conditions) test are presented in the next chapter, graphs for each trip can 
be found in Appendix A. An audible fluidhammer event was observed at 500 RPM in the 
target room while there was not one at 400 RPM. It was decided to investigate the speed 
at which audible hammer begins. By cutting the difference between 500 RPM and the last 
speed at which no hammer was observed in half, testing, and repeating this technique, it  
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Figure 4.3 Tachometer eye and reflective band apparatus on a lathe 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.2 Pump Trip Test List and Description 
 
Trip ID 
Pump 
RPM 
Data 
c
ti
 
 
 
Audible hamm r 
 
apture 
me [s] 
Fs
(kS/s)
observed? 
Notes
e
0 120 1 10  CH8 has noisy signal 
1 120 H8 has noisy signal 
2 CH8 has noisy signal 
 Changed cable for CH xed noise 
ata clipped 
peat above condition 
81 GPM, data clipped 
ondition 
Y ANG 
Y 
Y BANG 
Y ANG 
 
NG 
NG 
NG 
5 
5 
10 
2  C
 120 
120 
2 
3 1 8 at scope; fi
4 120 10 1   
5 120 2 5   
6 200 10 1   
7 200 2 5   
8 300 10 1  d
9 300 10 1  re
10 300 2 5   
11 400 10 1  3
12 400 10 1  repeat above c
13 400 2 5   
14 500 10 1 B
15 500 10 1 BANG; data clipped 
16 500 10 1 repeat above condition, 
17 500 5 2 B
18 450 5 2 N no bang
19 475 5 2 Y BANG 
20 463 5 2 Y BANG 
21 456 5 2 Y small BA
22 450 5 2 N no bang 
23 453 5 2 Y small BA
24 600 5 2 Y BIG BA
25 600 10 1 Y BIG BANG 
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was possible to bracket the incipience of audible hammer speed between 450 and 453 
RPM. 
's 
um rotational speed, 600 RPM. These tests understandably produced the largest 
pressur
n 
es at 
m processing the signals from each 
The tests concluded with the investigation of fluidhammer at the mercury pump
maxim
e spikes resulting from fluidhammer in the system. At 600 RPM, the flowing 
mercury has the largest flow energy. The volumetric flow rate indicated in the bulk retur
venturi was 36.5 L/s (578 GPM) and was split fairly evenly between the bulk feed lin
18 L/s (~ 289 GPM), all with fluid velocity at about 2 m/s. This translates to a mass flux 
of 489 kg/s (1076 lbm/s) through the target nose. With this much mercury flowing 
through an equivalent diameter of 5 inches just before the trip, pressure spikes of 220 psi 
were recorded at the bulk feed and return lines.  
 In the next chapter, data for a pump trip at nominal conditions (380 GPM) is 
presented and discussed. The resulting graphs fro
sensor are shown. 
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CHAPTER 5 
 
Data Analysis and Discussion of Fluidhammer Experiments 
5.1 Pre
 
p trips were recorded and the results are either shown within 
is chapter or in Appendix A. The results for a pump trip from 400 RPM (nominal flow 
 
rization reaches a minimum 
about 
e 
d for 
ure measurements [9]. As a result, they drift back to the zero pressure or 
nt of  
 
liminary Analysis 
 Data for the 26 pum
th
condition) are the primary focus. None of the trips at pump speeds leading to 500 RPM 
presented an audible fluidhammer event. A diversion from the planned testing procedure 
was taken to bracket the speed at which audible fluidhammer occurred as 453 RPM (see
Table 4.2). Once this had been achieved, the last pump trip from maximum pump speed, 
600 RPM, was recorded for 5 and 10 seconds. At that point 26 trips had been recorded. 
The planned testing regimen is presented in Appendix A.1. 
 The time trace for the dynamic pressure sensor at the bulk return location is 
shown for a 400-RPM trip in Figure 5.1. The initial depressu
at approximately t = 0.6 s and three distinct fluidhammer pulses can be seen as the 
pressure sensor begins to drift back to zero. These pulses have a diminishing magnitude 
with the first at 5 psi. However, the frequency of the pulses seems to be constant at 
3 Hz or a period of T = 0.33 s. The signal for the bulk feed sensor very much followed 
the same pattern (Figure 5.2), although with smaller pulse magnitudes. The composite 
graph of Figure 5.3 illustrates how the other two signals at the pump sump and discharg
show virtually no response to the pressure pulses found near the target. This can be 
attributed to the helium cover gas in the sump tank constraining the pressure at the sump 
surface and acoustical isolation of the pump distribution manifold due to its large 
diameter. 
 The dynamic pressure sensors used at the four test points are not well suite
static press
steady state value as flow velocity diminishes during the transient. If the pump trip is 
thought of as a step input to the system, the response of the sensors has a time consta
 44
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Figure 5.1 Bulk return pressure transient at 400 RPM 
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Figure 5.2 Bulk feed 2 pressure transient at 400 RPM 
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Figure 5.3 Time traces of four dynamic pressure sensors during 400-RPM trip 
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about 2 seconds. A time constant is the time required for a response to reach 63.2% of its 
final steady state value. The slow rise of the time trace is due in part to this characteristic 
of the sensors. 
The time at which the first pressure pulse arises in these time traces is around 0.8 
seconds after the trip. This is essentially the same time at which the flow rates begin a 
downward slope. Up until about 0.75 seconds after the pump is tripped, the flow rates 
(velocities) remain very close to their steady state values. The flow rates from all three 
venturis are shown in Figure 5.4. Both the time to maximum depressurization and delay 
in the flow rate perturbation were found to be virtually independent of pump speed. All 
delays for flow rate seem to be at about t = 1 second after the trip. The graphs for flow 
rate versus time for all pump speeds can be found in Appendix A. A typical pump speed 
curve during a 400-RPM pump trip is shown in Figure 5.5. 
 
5.2 Filtering and Processing of the Signals  
 
An analysis of the origin of the pressure spikes during fluidhammer transient 
events at the TTF is of importance. The time trace for each pressure sensor during a 
particular trip can be used to determine which sensor was closest to the origin of the 
pressure spike. A method for filtering the raw signals to make processing more consistent 
is developed and a technique for determining the origin of the pressure wave is described.  
During 500-RPM trips, fluidhammer of approximately 70 and 90 psig was 
measured at the bulk feed and return locations, respectively. The maximum pressure 
spike of ~220 psig was recorded by the dynamic pressure transducers at the bulk feed and 
bulk return locations during a 600-RPM pump trip, and the signal at each transducer is 
shown in Figure 5.6. The initial pressure spike occurs around three seconds after the trip. 
The desire is to distinguish the time delay between locations for the spike and determine 
its origin and direction of propagation. Using half of the maximum (½-Max) value of the 
pressure spike and finding the time crossing on the leading edge of the signal is a simple 
way to compare the time shift in signal features. The concept of the method is shown in 
Figure 5.7. 
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Figure 5.4 Volumetric flow rates for 400-RPM pump trip 
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Figure 5.5 Pump speed versus time during 400-RPM pump trip 
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Figure 5.6 Time traces of all four pressure sensors during 600-RPM trip 
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Figure 5.7 Time delay found with ½-max characteristic 
 
 
 
The solid and dotted lines represent signals at two different locations. In order to 
compare the signals they need to be somewhat clean in order to use a common feature to 
compare. As seen in Figure 5.6, the signals have some noise and no distinct peaks for the 
pressure spikes. This is especially evident in the signal for the pump sump pressure (top 
of Figure 5.6). The small signal amplitude of the pump sump pressure variations leads to 
a large signal-to-noise ratio. 
A moving average filter was used on the data for 500- and 600-RPM trips with a 
window size of 50. This takes the original data point and replaces it with the average of it 
and the preceding 49 data points and then moves to the next data point and repeats this 
technique of replacement. This concept comes from the difference equation: 
 
 
)1()()1()2()()1()()( +−++−+= nbnxnbbnxbnxbnyna K                     (5.1) 
)1()()1()2( +−−−−− nanynaanya K  
 
 
The filter structure is that of the general taped delay-line filter described by the difference 
equation, Eq. 5.1, where n is the index of the current sample, na is the order of the 
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polynomial described by vector a, and nb is the order of the polynomial described by 
vector b. The output, y(n), is a linear combination of current and previous inputs, x(n) 
x(n-1) ..., and previous outputs, y(n-1) y(n-2) ... 
The moving average equation for a window size of 50 gives, 
  
)49(
50
1)2(
50
1)1(
50
1)(
50
1)( −++−+−+= nxnxnxnxny K                 (5.2) 
 
 
The recorded signals from the sump are by far the noisiest. Performing a moving average 
ansformation on a data set filters frequencies greater than approximately, 
 
tr
( )stepfiltered twindowsizef
1≥                                               (5.3) 
g this 
transfo
 
g the 
.  
in of the pressure pulse. Table 5.1 shows the results 
for the 
ulk 
feed location and uses a wave speed of 820 m/s (2700 ft/s), the indicated distance the  
 
The sampling frequency for data taken for 5 seconds was 2 kHz (tstep = 0.0005 s). 
Therefore, the frequencies filtered in Figure 5.8 are above ~ 40 Hz. Performin
rmation on the data from Figure 5.8 will yield the result in Figure 5.9. 
Using the ½-Max point on the initial pressure spike gives a time crossing of 3.045
seconds after the trip. The other signals in Figure 5.6 were processed similarly usin
same window size of 50 when filtered and the changes are shown in Appendix B
The signals from a 500-RPM trip experiment during the same session were also 
processed in order to confirm the orig
time crossings of the signals. 
From these results, the order of pulse reception is (1) bulk feed, (2) bulk return, 
(3) pump discharge, and (4) the sump. Assuming that the wave speed does not change 
appreciably at least in the target region, the origin of the pressure spike seems to be near 
the bulk feed pressure sensor. The average time delay of the signal between the feed and 
return sensors is 0.0041 seconds. If one assumes that the vapor collapse occurs at the b
 53
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Figure 5.8 Sump pressure signal for 600-RPM trip 
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Figure 5.9 Filtered sump pressure signal for 600-RPM trip 
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Table 5.1 ½-Max Time Crossings for Pressure Signals 
 
 
Transducer Location 600 RPM 500 RPM 
Sump 3.045 (s) 2.028 (s) 
Bulk feed 2/West 3.027 2.0073 
Bulk return 3.0305 2.012 
Pump discharge 3.040 2.025 
 
 
pressure pulse propagated to the bulk return location was 3.4 meters. The average time 
delay between the feed and pump discharge sensors is 0.0154 seconds. In the bulk feed 
the wave speed is less at 790 m/s with 4-inch pipe, resulting in a travel distance of 12.2 
meters to the location in the pump discharge manifold.  
These calculated distances are roughly correct, but the distance from the feed to 
the pump discharge seems short. The measured distance between these two sensors is 
closer to 15 meters, indicating that the hammer spike is probably initializing elsewhere in 
the target and not right at the bulk feed sensor location. 
 
5.3 Discussion of Experimental Results 
 
 Based on previous reports [3] [6] done in support of SNS target development, the 
pressure spikes found during the trip tests are lower in magnitude than the expected 10 – 
20 MPa. Referring back to the pressure surge equation, Eq. 2.3: 
 
cVP ρ=∆                                                       (2.3)  
 
and using a velocity of 1 m/s for the collapsing vapor column and a = 800 m/s in the 
target, the pressure pulse is given as ~1600 psi (11 MPa). The highest pressure pulse 
recorded was 220 psi (1.5 MPa) at 600 RPM in the bulk feed and return. Using the above 
equation and the measured pressure leads to a velocity of only 0.134 m/s. However, 
Equation 2.6 is the fluidhammer pressure based on instantaneous fluid stoppage upon 
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vapor collapse. It can be seen in the pressure/time traces of Figures 5.3 and 5.7 that the 
pulses rise over tenths of a second. 
  A thesis by Harvill [3] also found that any gas trapped in a system adds 
compressibility and has a profound effect on the wave speed. There may be gas in the 
case of TTF due to an imperfect vacuum applied to the loop as part of the procedure 
before filling it with mercury. Trapped gas will make the sound speed lower than 
predicted by the modified wave speed equation (Eq. 2.1). Some gas may become trapped 
or stuck along a wall, in crevices, flanges, or other components as the loop is filled. There 
is also a concern of helium in the mercury from storage under a cover gas pressure of 1 
atm. This means that the mercury sits for periods of time strictly at saturation pressure 
under a layer of helium.  
 As a cavity is formed within the piping after the trip, non-condensable helium 
may develop within this low-pressure region. The presence of helium molecules can 
interfere with the condensation of the mercury as the cavity collapses and the local 
pressure recovers to the saturation pressure. The helium does not condense and begins to 
create a layer at the mercury vapor-liquid interface; a barrier that mercury vapor must 
diffuse through in order to condense to liquid. As the cavity collapses, shown in Figure 
5.10, this barrier thickens and slows the recovery process, which lowers the peak 
pressures attained during fluidhammer.  
 The current design of the SNS target module, the hydrodynamic losses but not the 
exact geometry of which are modeled in TTF and Impulse, may be more sensitive to the 
measured pressures imparted near the target region. Cooling channels are used in the 
beam window region of the target, which can be seen in the illustration of Figure 5.11. 
The wall thickness is ~4 mm between the cooling channels and the bulk flow, far less 
than schedule-40 piping values used for the cross-sectional areas in the simulation. 
 56
 Figure 5.10 Blanket of non-condensable helium obstructing the condensing of 
 
 
 
 
 
 
mercury during column collapse [NPD] 
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Figure 5.11 Cutaway view of the SNS Target Module. Taken from ref. [1] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 58
CHAPTER 6 
 
Simulation Inputs and Results for TTF Nominal Conditions 
 
6.1 FathomTM and ImpulseTM Model Descriptions 
 
 A model used for simulation of steady state was built for AFT FathomTM and was 
verified through comparison to experimental steady state data [14]. The model consisted 
of several pipe sections made of stainless steel in schedule-40 thickness with inside 
diameter dimensions ranging from 2 to 8 inches. The AFT model is shown again in 
Figure 6.1 and it is noted that pipe 1 connecting the reservoir to the pump has a diameter 
of 36 inches to model the submergence of the pump inlet in the tank. The dotted line in 
the figure and the 'x' at junction J10 indicate that the window feed line was closed at the 
control valve for simulation. The bends and elevation changes that are evident in Figure 
2.2 are not shown in the schematic. However, the hydraulic losses due to bends were 
calculated and are provided as user inputs. Pipe wall shear and K-factors are employed in 
both Fathom and Impulse. The zero reference point for elevation is set at the centerline of 
the target. Characteristics for flanges, area changes, reservoirs, venturis, and the flow 
control valve were all evaluated and provided as user inputs. The flow venturis were 
modeled using Cd discharge coefficients provided by the venturi manufacturer. The valve 
input included valve loss coefficients provided by the manufacturer. The working Fathom 
model for steady state simulation was provided by ORNL. 
The mercury pump curve is defined by comparing information gathered through 
testing of the mercury pump at TTF and the certified pump curve provided by Sterling 
Fluid Systems [12] shown in Figure 6.2, which was based on water tests. Data were 
entered for the 600-RPM curve and all other curves were calculated by using the pump 
affinity laws, which are presented in the following section.  
The fluid properties of the system had to be defined. The density and dynamic 
viscosity of the mercury as it relates to temperature were required for Fathom to  
 59
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1 AFT FathomTM/ImpulseTM user interface model (Software generated) 
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Figure 6.2 Pump performance curve measured at TTF versus certified pump curve. 
Taken from [12]. 
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perform computations. The viscosity models allow designating a liquid as a Newtonian or 
non-Newtonian fluid. Mercury was treated as a Newtonian fluid since its viscosity does 
not depend on the fluid shear.  
AFT ImpulseTM simulations needed additional data on vapor pressure and the 
bulk elastic modulus of mercury. Vapor pressure versus temperature is needed to know at 
what pressure mercury is a saturated liquid. The bulk modulus, K, is a measure of how 
much pressure is required to change the density of fluid by a fractional amount.  
 
ρρ ∂
∂= PK mod                                                       (6.1) 
 
Mercury density, viscosity, vapor pressure, and elastic modulus are shown versus 
temperature in Figures 6.3 to 6.6. Although the temperature of the mercury in the TTF 
varies during operation, the simulations were performed at 100 oF. This is the maximum 
allowable temperature in the TTF. A heat exchanger is provided in TTF to remove the 
pump heat and maintain temperatures below 100 oF (pipe P47 in Figure 6.1).  
 
6.2 Pump Affinity Laws 
 
 In both Fathom and Impulse the entered pump curve data are assumed to be that 
of full speed ratings. If a simulation at a different speed is desired, the program will 
adjust the curve using the affinity laws. Also known as homologous pump laws, they 
form relations between speed ratios and pressure or flow rate ratios. For a particular non-
cavitating centrifugal pump: 
 
(1) Flow rate varies directly with the pump speed, and 
 
(2) generated head varies directly with the square of the pump speed [2]. 
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Figure 6.3 Density of mercury versus temperature. Taken from [14] 
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Figure 6.4 Dynamic viscosity of mercury versus temperature. Taken from [14] 
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Figure 6.5 Vapor pressure of mercury versus temperature. Taken from [14] 
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Figure 6.6 Mercury elastic modulus versus temperature 
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This comes from a dimensionality relationship b
(or pressure), pump speed, and a characteristic dimension (impeller diameter).  
 
etween flow rate and the generated head 
⎥⎦
⎤⎢⎣
⎡= 2N
Hf
N
Q                                                       (6.2) 
 
 
where Q is flow rate, H is pressure head, N is pump speed, and f denotes a functional 
dependence on  the terms in the brackets and the form of them shown. From these 
assumptions, the two affinity laws can be written as follows: 
 
2
1
2
1
N
N
Q
Q =                                                            (6.3) 
 
 
2
22 ⎠⎝∆ NH
11 ⎟⎟
⎞
⎜⎜
⎛=∆ NH                                                       (6.4) 
 
here Qi, ∆Hi, and Ni are the flow rate, generated head, and pump speed at operating 
point i, respectively. It is assumed that values at point 1 correspond to 100% pump speed 
data. Point 2 includes the new values for the pump speed of interest, n2. Applied to a 
particular pump, any given value of Q/n has a corresponding value of H/n2.  
This was verified with pump curve data for four different speeds taken from 
reference [14] and can be seen in Figure 6.7. This was done by taking seven data points 
from each of the four curves (Fig. 6.7) in the certified pump performance (Figure 4.1) and 
mapping them as the right hand ratio of Equation 6.2 versus the left ratio. The fitted 
equation for the curve in Figure 6.8 is: 
 
H/n2 = 0.0000818 - 0.0000184 Q/N - 0.0000367 (Q/N-0.31092)2 
 
w
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Figure 6.7 Seven data points for each of the four pump curves 
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This is how the affinity laws would be applied in practice with several pump curves 
available from the manufacturer. However, only the 600-RPM (100%) curve has been 
tested and verified for the TTF [12] and used as input for the programs. 
 
6.3 Simulation Steady State Output 
 
 Once the system properties have been defined, the variables to be included with 
the output have been chosen, and the accuracy control of the solution has been decided, a 
model can be simulated for steady state in AFT FathomTM and ImpulseTM. The results of 
a 400-RPM steady-state output from FathomTM can be seen in Tables 6.1 and 6.2. Note 
that in the output there are both static and dynamic pressures listed. The distinction 
between static pressure and stagnation pressure is made from a simplified form of the 
Bernoulli equation: 
 
.
2
1 2 constghVP =++ ρρ                                             (6.5) 
 
where P is the system static pressure due to the force imparted on the fluid, the second
term, ½ ρV
 
tatic pressure and dynamic pressure are combined into the 
agnation, or total, pressure. 
 
2, is the dynamic pressure due to the fluid velocity, and ρgh is the term for 
hydrostatic pressure due to the elevation of the fluid from the zero reference point at the 
target centerline. The system s
st
2
2
1 VPPP tstagnation ρ+==                                             (6.6) 
 
 
term is the friction loss c  loss factor for the  
 Table 6.2 shows a pressure drop from the pump discharge (Junction 2) to the
target nose (Junction 28 or 37) of 66 psig – 13 psig = 53 psid. The column heading 
labeled 'fL/D + K' in Table 6.1 is a calculated flow resistance coefficient where the first 
oefficient in Equation 3.4 and K is the form
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Table 6.1 AFT Fathom Pipe S
Pip
Pipe 
V
Flow  
(g
Length Area  
(i
Velocity 
t/
fL/  D + 
d
Friction  
(
P
In  
(p
Out  Total  Total  
ta
In  
s
ta
Out  
s
umm
S
ary 
 
e Name 
Nominal 
Size 
ol. 
pm) (in.) 
Flow 
n.2) (f s) K 
P Static  
psid) 
tatic 
ress.  
S
P
sig) (p
tatic 
ress.  d
sig) (p
P Static  d
sid) (p
P Stag.  
P 
S
sid) (p
g.  
P 
S
ig) (p
g.  
ig)
1 Pipe 36 inch 380 4 982.9 0.12 0.0017 0.0000024 17.3 17.5 -0.2445 -0.2445 17 18
2 
Pump  
arge 2 1
1
38 20 2.4 0.312 0.017678 0.658 0.658
19 1.2 0.018 0.002526
19 1.2 0.018 0.002526 5
5
1
10
1
5
1 0 5
16 1
33 1 4
9
0 0
0 0
1
0
16 1
33 1 4 4
1 4 3
2
0
7
1 2
6
47 Pipe 8 inch 380 145 50 2.43 0.6229 0.1246745 24.2 12.4 11.7313 11.7313 25 13
48 Pipe 6 inch 380 28.8 28.9 4.22 0.2094 0.0989409 11.2 10.9 0.3394 0.3394 13 13
49 Pipe 6 inch 3 .0485 0.0485 13 12
Disch 4 inch 380 3.5 2.7 9.57 0.0783 0.6533433 57.5 56.8 0.6533 0.6533 66 65
3 Pipe 4 inch 380 4 2.7 9.57 0.0133 0.1112074 56.8 56.3 0.5513 0.5513 65 65
4 Pipe 8 inch 0 .6 50 3 9 1 59.5 58.8 2 2 60 59
5 Pipe 8 inch 0 11 50 2 8 4 59.1 59.1 0.0025 0.0025 59 59
6 Pipe 8 inch 0 11 50 2 8 4 59.1 9.1 0.0025 0.0025 59 59
7 Pipe 8 inch 0 5 50 0 0 0 9.2 59.2 0 0 59 59
10 Pipe 2 inch 0 12 3.4 0 0 0 59.2 57.7 1.5649 1.5649 59 58
11 Pipe 2 inch 0 55.4 3.4 0 0 0 25.2 25 0.1467 0.1467 25 25
12 Pipe 2 inch 0 01.8 3.4 0 0 0 25 23.3 1.7116 1.7116 25 23
13 Pipe 2 inch 0 0.7 3.4 0 0 0 23.3 22.4 0.9292 0.9292 23 22
14 Pipe 2 inch 0 71.9 3.4 0 0 0 22.4 20.9 1.4671 1.4671 22 21
15 Pipe 2 inch 0 58.8 3.4 0 0 0 20.9 20.4 0.5379 0.5379 21 20
20 Pipe 4 inch 190 14 12.7 4.79 0.0481 0.1006155 55.1 55.7 -0.584 -0.584 57 58
21 Pipe 4 inch 190 23.6 12.7 4.79 0.081 0.1696091 55.7 55.5 0.1696 0.1696 58 58
22 Pipe 4 inch 190 37.8 12.7 4.79 0.1298 0.271662 55.5 54.8 0.7118 0.7118 58 57
23 Pipe 4 inch 190 73.3 12.7 4.79 0.7269 0.5267942 54.8 2.6 2.2064 2.2064 57 55
24 Pipe 4 inch 190 08.6 12.7 4.79 .8481 0.7804891 2.6 49.8 2.8025 2.8025 55 52
25 Pipe 4 inch 190 9.1 2.7 4.79 0.5805 1.2152921 49.8 47.4 2.3401 2.3401 52 50
26 Pipe 4 inch 190 .9 2.7 4.79 0.1164 0.2436334 4.3 44 0.3414 0.3414 46 46
27 Pipe 4 inch 190 5.7 12.7 4.79 0.665 0.6877791 44 30.8 13.2269 13.2269 46 33
28 Pipe 3 inch 190 2.6 7.4 8.25 0.0121 0.0748884 26.5 26.4 .0749 .0749 33 33
29 Pipe 3 inch 190 1 7.4 8.25 0.0046 0.0286478 7.2 7.1 .0286 .0286 13 13
30 Pipe 4 inch 190 14 12.7 4.78 0.0481 0.0999906 55 55.6 -0.5847 -0.5847 57 58
31 Pipe 4 inch 190 61.3 12.7 4.78 0.2105 0.4378159 55.6 54.7 0.878 0.878 58 57
32 Pipe 4 inch 190 32.5 12.7 4.78 0.9302 0.9463394 54.7 51.8 2.962 2.962 57 54
33 Pipe 4 inch 190 65.8 12.7 4.78 .7012 0.4699557 51.8 49.6 2.1432 2.1432 54 52
34 Pipe 4 inch 190 9.1 2.7 4.78 0.5806 1.2077434 49.6 47.3 2.3325 2.3325 52 49
35 Pipe 4 inch 190 .9 2.7 4.78 0.1164 0.2421201 4.2 3.9 0.3399 0.3399 46 46
36 Pipe 4 inch 190 95.7 2.7 4.78 0.665 0.6835071 3.9 0.7 13.2182 13.2182 46 33
37 Pipe 3 inch 190 2.6 7.4 8.22 0.0121 0.0744188 6.4 26.3 0.0744 0.0744 33 32
38 Pipe 3 inch 190 1 7.4 8.22 0.0046 0.0261797 7.2 7.2 0.0262 0.0262 13 13
40 Pipe 5 inch 380 65.3 20 6.09 0.3271 0.5711132 10 17 -7.0615 -7.0615 13 20
41 Pipe 5 inch 380 16.7 20 6.09 0.0432 0.1460581 17 20.2 -3.1794 -3.1794 20 24
42 Pipe 6 inch 380 122 28.9 4.22 0.2586 .4191245 21.9 22.1 -0.2655 -0.2655 24 24
43 Pipe 6 inch 380 4.3 28.9 4.22 0.6025 0.2552537 19.3 23.4 -4.1584 -4.1584 21 25
44 Pipe 6 inch 380 01.6 8.9 4.22 0.6345 0.3490414 23.4 23.6 -0.1454 -0.1454 25 25
45 Pipe 6 inch 380 262 28.9 4.22 1.2711 0.900087 23.6 23.6 -0.0427 -0.0427 25 25
46 Pipe 6 inch 380 .7 28.9 4.22 0.0142 0.0230175 23.6 23.2 0.4142 0.4142 25 25
80 7 28.9 4.22 0.0148 0.0240355 10.9 10.9 0
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Table 6.2 AFT Fathom Junction Summary 
Jct
Elevati
Inlet  
(inch
Loss  Factor dH    
(inc
tati
In  
p
Out  
p
dP S
Total  
(
dP Stag.  
o
g
In 
psi
P Stag. 
Out (psig
 
P 
 Name 
on  
es) (K) hes) (
S c  S
P 
tatic  
P 
tatic  Sta . 
psid) T tal  (psid) (sig) ( sig) g)  ) 
1 Reservoir 0 0.001 0.000 0.0004.3 .5 4 0 17.3 7 7 0 17
2 
Mercury  
Pump -31.6 0 5616 5 
0 0 
ge 1565 5 
Losses See Losses N/A e Losses 
Losses See L N e
d Losses See Losses 5 5 N/A e Losses 
d 
X10 Control Valve 66.436 32.4901 32.4901
11 -26.2 0 0 25 25 0 0 25 25
 Tap 
22 -30.2 0 0 54.8 54.8 0 0 57 57
4 4
25  -24.4 1.481 6.34 47.4 44.3 3.10051 3.10051 50 46
-24
ange 0.08 0.371 4.2959 0.1814
 3 39.352 19.2448 19.24482 
31 -30.2 0 0 54.7 54.7 0 0 57 57
34 -24.4 1.481 6.2995 47.3 44.2 3.0807 3.0807 49 46
-24 4
ange 0.08 0.368 3 2 4.2685 0.1803
3 19.12185 
e 
ange 0.02 0.148 -1.6866 0.0724
turi 1.77 5.882 2.8767 2.8767
-3
-4
e -4 0.08 0 23 -0 0 2
13
13
50 Reservoir 4.3 1 3.314 0 10.9 1.6207 1.6207 0 11
-98.7684 17.5 57.5 -39.9 -48.3017 18 66
3 Branch -31.6 0 0 56.8 56.8 65 65
4 Area Chan -30.7 0.55 9.3875 56.3 59.5 -3.2 4.5908 65 60
5 Manifold -29.7 See 58.5 58.5 Se 59 59
6 Manifold -29.7 See osses 59.2 59.2 /A Se  Losses 59 59
7 Manifol -29.7 See 8.8 8.8 Se 59 59
8 Manifol -29.7 0 0 59.2 59.2 0 0 59 59
-26.5 0 6 57.7 25.2 6 6 58 25
 Flange 
12 Flange -22.7 0 0 23.3 23.3 0 0 23 23
13 Flange -20.8 0 0 22.4 22.4 0 0 22 22
14 
Window 
Venturi -17.8 0 0 20.9 20.9 0 0 21 21
20 Branch -31.1 0 0 55.7 55.7 0 0 58 58
21 Injection -31.1 0 0 55.5 55.5 0 0 58 58
 Branch 
23 Flange -28.8 0 0 52.6 52.6 0 0 55 55
24 Flange -26.7 0 0 9.8 9.8 0 0 52 52
Bulk #2  
Venturi
26 Flange .2 0 0 44 44 0 0 46 46
27 Area Ch 0 7 1 30.8 26.5 7 9 33 33
28 
Target 
 Module 0 .1 2 26.4 7.2 2 33 13
30 Branch -31.1 0 0 55.6 55.6 0 0 58 58
 Flange 
32 Flange -28.1 0 0 51.8 51.8 0 0 54 54
33 Flange -26.7 0 0 49.6 49.6 0 0 52 52
Bulk #1  
Venturi 
35 Flange .2 0 0 43.9 3.9 0 0 46 46
36 Area Ch 0 7 7 0.7 6.4 2 3 33 33
37 
Target  
Module 0 3.1 9.1008 26.3 7.2 19.12185 32 13
40 Branch 0 0 0 8.2 8.2 0 0 13 13
41 Tee/Wy -16.7 0 0 18.9 18.9 0 0 20 20
42 Area Ch -23.5 1 1 20.2 21.9 8 3 24 24
43 Return Ven -24.9 5 4 22.1 19.3 4 4 24 21
44 Flange -35.4 0 0 23.4 23.4 0 0 25 25
45 Flange 7.8 0 0 23.6 23.6 0 0 25 25
46 Flange 2.1 0 0 23.6 23.6 0 0 25 25
47 Area Chang 1.3 1 .2671 .2 24.2 .94958 .13062 5 25
48 Area Change -18 0.176 0.1945 12.4 11.2 1.17532 0.09513 13
49 Branch -18 0 0 10.9 10.9 0 0 13
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particular pipe due to bends, orifices, or other fittings defined within the pipe input. 
6.4 Pu
ssible to enter 4-quadrant and pump 
ertia data to simulate a start-up or pump trip scenario. The 4-quadrants for pumps 
ions are:  
) Negative flow with positive rotation 
ry pump was modeled with inertia and 4-quadrant capability although the 
anufa
p relating its rated conditions at the best efficiency point (BEP) for 
ead (H), torque (β), flow rate (ν), and synchronous speed (α) to those at the condition of 
terest (400 rpm).  
 
 
 = b) 
FT ImpulseTM provides four quadrant data for 21 different 
specifi
 
mp Specifications 
 
In the pump specifications window it is po
in
whose impellers can spin in both direct
 
1) Positive flow with positive rotation 
2) Positive flow with negative rotation 
3
4) Negative flow with negative rotation 
 
The mercu
m cturer only supplied information for the first quadrant, which is common in 
industry.  
 The dimensionless parameters FH(θ) and FB(θ) used for 4-quadrant data are 
properties of the pum
h
in
 FH(θ) = H / (α2 + ν2) (6.6a) 
 FB(θ)  β / (α2 + ν2) (6.6
 
where θ = π + tan-1(ν/α). A
c speeds. It is typically assumed that for pumps of similar specific speed the 
parameters are invariant.  
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Specific speed is d eometrically similar
e actual pump, which when running at this speed will raise a unit of volume, in a unit of 
(6.7) 
where N ic 
y to that of the flowing 
ercury used an estimated mass of 10 kg for the impeller. In order to determine pump 
RPM versus time during startu
ator, and entrained liquid are required. Wylie and Streeter [9] [11] give a method for 
IP = 1.5 x 107 (P / N3 )0. 9556                                                          (6.8) 
here P is the power in kW and I is inertia with units of kg-m2. The motor rotational 
 
and the
 FathomTM provides steady state analysis of a hydraulic system. While 
Fathom  
t time 
efined as the speed of an ideal pump g  to 
th
time through a unit of head (pressure): 
 
 Specific speed (Ns ) = (N * √Q) / H3/4 
 
 is the rotational speed in RPM, Q is the flow rate, and H is the total dynam
head. A pump curve for 600 rpm was given in reference [12] and Figure 6.2. From this 
curve the specific speed is found to be 1216 using GPM units. Specific speed, Ns is 
estimated for 400 rpm as ~1570 using the curves provided in Figure 4.1.  
Calculations comparing the impeller's kinetic energ
m
p or after shutdown, the inertia of the impeller, pump shaft, 
st
finding the moments of inertia for the impeller and liquid: 
 
 
w
inertia is: 
 
IM = 118 (P / N )1.48 (6.9) 
 
 total is the sum of the two. At 35 hp (26.11 kW) and 600 rpm [12], the total 
inertia is IT = 4.82 kg-m2 (114.14 lb-ft2). 
The pump specification window has options for startup and trip parameters, which 
support 4-quadrant pump data along with pump and fluid inertia.  
AFT
 solves for pressures and flows in steady state, Impulse initially solves for steady
state using the same Newton-Raphson method and then uses the solution for the firs
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step of the Method of Characteristics (MOC) for the fluidhammer equations in the first 
time step.  
Impulse allows several pump and valve transients to be specified. Opening and 
closing profiles for the valves can be created in tabular form. These profiles can be 
functions of flow or time. Like Fathom, Impulse is a drag-and-drop GUI interface and 
can import files from Fathom. 
The MOC solution scheme requires that pipes be sectioned into nodes. Once the 
pipes are sectioned and initial conditions are defined, Impulse can then begin its
method of solution and move ahead in time. In order to section pipes, it is necessary 
 explicit 
to 
now the individual wave speeds and lengths of the pipes in order to determine the 
acoustically shortest pipe in the system. The acoust
wave would take the shortest amount of time to travel through (one half of the 
commu
k
ically shortest pipe is one in which the 
nication time). This pipe defines the maximum time step for the simulation. 
 
cont
cont
a
L
t =∆ max                                                     (6.10
In the TTF model, the target nose pipes, P29 and P38, with D = 3 in. and L = 1 in. 
) 
 
are the controlling pipes. Equation 6.10 assumes that only one section (two nodes) will be 
o be changed to increase the solution 
ccuracy with the side effect of increased run times. Pipe P29 was allowed to have two 
 
ed 
ll 
used to model this pipe. AFT Impulse allows this t
a
sections for modeling yielding an average percent error of 0.66% per pipe. The modified 
wave speed was ~850 m/s (2800 ft/s) in pipe P29, creating a time step of 1.5 e-5 seconds.
 
6.5 Nominal Condition Pump Trip Simulation 
 
 A nominal condition pump trip from the nominal 400-RPM value was simulat
for 5 seconds for comparison with experimental results for the same time range. Several 
graphs follow which correspond to pressure sensor locations used in the TTF experiments 
as depicted in Figure 4.1. The pressure graphs show the expected depressurization at a
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of the locations downstream of the pump. This is seen beginning immediately at t = 0 s at 
the pump outlet, as given in Figure 6.9, while a delay in depressurization is found in 
Figures 6.10 – 6.12. This is due to the fact that the pressure information must travel 
the pump to the target before the system can react to the changing condition. The dis
between pump discharge and
from 
tance 
 the target nose is 50 feet and a wave speed of 2700 ft/s 
(~800 m e 
 
 
 
 
et 
sured data from the experiments. The small fluidhammer that was 
easur
simulations have a frequency of about 10 Hz. On the other hand, the magnitude of these 
pressure bumps, at less than 5 psi, is very much the same as the measured pulses found in 
Figures 5.2 and 5.3. 
 When interpreting vapor formation at some location in a system, it is necessary to 
recall that AFT ImpulseTM uses the discrete vapor cavity (DVC) model. The DVC model  
/s) will travel this in 0.019 seconds. This is confirmed in Figure 6.13 showing th
pressure at steady state before trending downward at ~ 0.021 seconds after the trip. This 
would indicate that the wave speed was not exactly 2700 ft/s. The variation in pipe 
geometry throughout the TTF would account for a variation in the wave speed as it 
propagates between points.  
Other features to note include how the pressure traces reach a minimum close to
0.5 seconds after the trip, which is very similar to that found in the experimental results. 
There are also some slight pressure bumps found during the depressurization in Figures 
6.10 – 6.12. The cause of this is from vapor formation and collapse in the target area 
where there is a large local pressure drop and the local velocity and dynamic pressure is
high. The specific location where the local pressure goes below saturation is shown in
Figures 6.14 and 6.15.  The predicted vapor volume produced is less than 0.03 cm3, and 
occurs when the pressure first goes below saturation, near the 50-foot position in Figure
6.14. The time at which this happens is about t = 0.25 seconds and can be seen in Figure 
6.16. A pressure drop below the saturation pressure at the area of the bend in the targ
nose is also confirmed from the pressure profiles in Figures 6.17 and 6.18. While the 
bumps in the pressure traces may be indicators of vapor collapse, they occur earlier in the 
transient than in mea
m ed during a 400-RPM trip occurred after the minimum pressure was achieved and 
those bumps were of a slightly lower frequency: ~ 3 Hz. The pressure spikes in the 
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Figure 6.9 Pressure at pipe P4 outlet (pump discharge) 
 
 
 
Figure 6.10 Pressure at pipe P36 outlet (bulk feed) 
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 Figure 6.11 Pressure at pipe P40 station 27 (return) 
Figure 6.12 Pressure at pipe P28 outlet (target nose) *not a test point 
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Figure 6.13 Detail of initial depressurization at target nose (P28 outlet) 
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 Figure 6.14 Vapor volume profile from pump to return reservoir 
 
Figure 6.15 Vapor volume profile in target nose region 
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 Figure 6.16 Time trace of vapor volume at target nose 
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Figure 6.17 Pressure profile from pump tank to return reservoir 
 
 
 
 
Figure 6.18 Pressure profile of target region (circle of Fig. 6.17) 
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makes several assumptions about vapor formation which include neglecting the wave 
ng 
step 
 
nd 
ow rates observed in Figure 6.19 begin to fall off immediately 
 
ed 
 It 
n 
he 
rimental results, simulations of 500 and 600-RPM pump 
trips w
Looking at groups, or time averages, of solutions, Figure 6.22 shows pressure pulses at 
speed change in the vapor volume and assuming that vapor forms discretely at computi
stations instead of being distributed along a pipe [9][11]. When the pressure at a node 
drops below the vapor pressure of the fluid, the indicated pressure is set to the vapor 
pressure and vapor volume is calculated based on the volume from the previous time 
and a balance of current and previous time step mass flow rates. For this reason, it is 
possible to have a void volume that is greater than the nodal volume since the two are
independent in Impulse. Vapor cavities in excess of the computing volume were often 
found for pump speeds above nominal conditions. The simulated pressures of the 500 a
600-RPM trips shown in Appendix C.3 may not be accurate due to these limitations in 
the simulation method.  
 The volumetric fl
after the pump trip, which differs from the ~ ¾ sec. delay found during the tests (Figure 
5.4). This time difference is very similar to the difference between the initial pressure 
pulses of the simulation and the experiment seen in Figure 6.20. This quick drop of the
flow rates and the early vapor collapse may be related to the pump inertia. Low pump 
inertia would cause the impeller to coast down rather quickly. The simulated pump spe
as a percentage during the transient is compared to test data in the composite graph of 
Figure 6.21a,b. The speed in the simulation drops off more rapidly than in the test data.
takes ~0.5 seconds for the pump speed to reach 240 RPM in the test and only 0.2 seconds 
in simulation. By t = 0.5 seconds, the simulation has already reached 120 RPM. The 
overall trend in the experimental data shows a more gradual coast down profile with a
initial slope that is less negative than that of the simulation. An initial slope of – 490 
RPM/s was calculated for the experiment while a slope of -850 RPM/s was found in t
simulation. This indicates the estimated pump inertia for the simulations may be too low 
in comparison to the true value. 
To compare with the expe
ere also performed. The 500-RPM results are discussed briefly with the complete 
graphs placed in Appendix 3. Figure 6.22 shows pressure pulses in the bulk feed line. 
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Figure 6.19 Volumetric flow rates for feed (P26 and P35) and return (P43) venturis 
 
 
Figure 6.20 Comparison of bulk return pressure traces for test (lt. blue) and 
simulation (dk. blue) 
 
 83
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(b) 
 
Figure 6.21 Pump coast down profiles (a, b) as a percentage of max speed (600 
RPM) during 400-RPM trip simulation (a) and experiment (b) 
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Figure 6.22 Pressure at bulk feed during 500-RPM trip 
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t = 1.25s, 1.55s, and 1.75s and magnitudes of 50 – 200 psi. From this pattern, the 
frequency of the pulses is very close to those ents at 3 Hz. After these pulses,  
the solutions get more difficult to interpret. A guideline for understanding MOC results 
using the DVC t accurate 
compared to the rest of the solution. After this, the forming and collapsing of voids cause 
many non-physical pressure spikes that complicate the analysis and may not accurately 
represent the flow physics [11]. 
 Cavities formed in flowing mercury may have odd shapes, and likely will only 
occur in upper regions of the pipe cross section, leading to horizontally stratified flow. 
This would mean that the column collapse has different dynamics than the model used in 
Impulse, with void volume and mass flow rates averaged over the pipe cross sectional 
area. 
 
6.6 Discussion of Simulation Results 
 
 The overall shape of the simulated pressure traces follows that of the experimental 
data. While the characteristics of the pressure pulses predicted by simulation are slightly 
different than those measured, Impulse did calculate vapor formation and collapse under 
nominal conditions. The same phenomenon seems to be happening in the test results of a 
400-RPM trip with a small amount of fluidhammer occurring at the feed and return 
locations (Figures 5.3). This indicates some agreement between the experimental and 
simulation results.  
 As the pump speed increases along with fluid velocities, the simulation of a trip 
overestimates the magnitude of the pressure pulse in most of the locations when 
compared to the experimental results of corresponding test conditions. The frequency at 
which the initial pressure spikes occur in the simulations follows the pattern experienced 
during testing. However, the times at which the spikes occur do not exactly match, with 
the first pulse seen approximately 1 second later in the 500-RPM simulation and another 
0.5 seconds after that in the 600-RPM simulation. This can be seen in Figure 6.23. 
 
 1
 in experim
model is to consider the first few pressure spikes as the mos
 86
 Figure 6.23 Composite graph of bulk feed pressure during 400- (top), 500- 
(middle), and 600- RPM (bottom) pump trips 
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CHAPTER 7 
 
Conclusions and Suggestions for Future Work 
 
The TTF experimental facility is an indispensable tool for studying and 
characterizing the mercury flow in support of SNS development. Pump trip experiments 
performed at differing initial pump speeds have determined the magnitude, time, and 
spawning for expected pressure pulses. The pulses measured during nominal conditions 
at ~5 psi are a small concern for the integrity of the fluid pressure boundary. Larger, 100- 
to 200-psi pressure spikes occurring from trips at higher speeds still do not present a 
threat in the TTF, however, the nature of the current SNS target window design may need 
attention if higher pump speeds are required.  
There is fairly good agreement between the experimental results and solutions 
presented from AFT FathomTM and ImpulseTM. The programs gave accurate steady state 
results and Impulse showed that, with consideration of its assumptions and models, it 
recreates the overall trends of the transient response of the TTF. The experiments were 
valuable for benchmarking the code and validating its further usage for steady state and 
ient predictions. 
Further verification of simulation accuracy should take place in the future. The 
e at which the initial vapor collapse takes place is earlier in simulations than in the 
experimental results. Also, the pump inertia used in the simulations is an estimate, and 
verifying the true inertia of the coupled induction motor stator, shaft, impeller, and 
entrained mercury would prove useful in gaining the stored pump energy for pump coast 
down modeling. Matching the pump coast down profile in the simulations to those found 
in the pump trip tests would help bring the post-trip inertial conditions used during 
ulation closer to experimental conditions. The pump inertia can be altered until the 
initial slope of the pump speed in simulation matches experiments.  
trans
tim
sim
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A.1 Draft Test Plan for TTF 
 
rthur E. Ruggles, July 6, 2004 (Revised July 12, 2004) 
he TTF will be subjected to a series of pump coast-down transients to provide data to 
ssure proper behavior of the SNS during this anticipated transient.  The data will also 
arking of simulation models of the TTF and SNS mercury target delivery 
ircuits during transients.   
p coast-down transient may initiate a fluid column separation at a location in the 
ow circuit where the pressure may go below the vapor pressure of the fluid.  Localized 
ressure losses in a component near the pump outlet are often sources of fluid column 
hen the pump outlet pressure falls.  Fluid column separation is normally 
llowed by a fluid hammer initiated when the void created by the separation collapses.  
ignificant uncertainty exists for the magnitude of the fluid hammer due to phenomena 
sient fluid stratification and cushioning due to dissolved 
as evolution.  The models in the simulation code will likely overestimate the actual 
ressure peak created by the fluid hammer. 
 set of tests are proposed: 
 
1. Steady flow with pump running 200 RPM followed by pump trip.  Possible three 
transients with this starting flow state
a. Develop m ine transient time 
for capture window. 
b. Examine repeatability of transient to seemingly identical initial conditions. 
2. Steady flow at 300 RPM followed by pump trip. 
3. Steady Flow at 380 RPM (Nominal Flow) followed by pump trip.  
4. Steady flow at 400 RPM followed by pump trip 
5. Steady flow at 500 RPM followed by pump trip. 
ata from four dynamic pressure sensors will be collected during each transient, and data 
om each flow instrument will also be captured in the form of pressure traces from the 
enturi pressure taps.   Pump angular velocity during coast down will be collected. 
ynamic pressure traces will also be taken at steady state preceding each test to examine 
ow noise.  All transients are expected to initiate with one bar of pressure in the helium 
over gas over the pump sump.  Excessive structural movement or over-range of pressure 
nsors may curtail transient testing at high initial flow and pump RPM settings. 
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Table A.1 cription 
 
 Pump Trip Test List and Des
 
 
Trip File 
ID 0** 
Pump 
RPM 
Data 
capture 
time [s] 
 
 
Fs
(kS/s)
 
Audible 
hammer 
observed? Notes 
0 120 1 10  CH8 has noisy signal 
1 120 5 2  CH8 has noisy signal 
381 GPM, data clipped 
1  repeat above condition 
5   
1
1
16 
17 
18 
1
2
2
2
2 G 
2 120 5 2  CH8 has noisy signal 
3 120 10 1  Changed cable for CH8 at scope; fixed noise 
4 120 10 1   
5 120 2 5   
6 200 10 1   
7 200 2 5   
8 300 10 1  data clipped 
9 300 10 1  repeat above condition 
10 300 2 5   
11 400 10 1  
12 400 10 
13 400 2 
4 500 10 1 Y BANG 
5 500 10 1 Y BANG; data clipped 
500 10 1 Y repeat above condition, BANG 
500 5 2 Y BANG 
450 5 2 N no bang 
9 475 5 2 Y BANG 
0 463 5 2 Y BANG 
G 1 456 5 2 Y small BAN
2 N 2 450 5 no bang 
3 453 5 2 Y small BAN
24 600 5 2 Y BIG BANG 
25 600 10 1 Y BIG BANG 
 
 
*Tests were performed at the TTF at Oak Ridge National Laboratory on 20 October 
2004. Data was recorded using a digital oscilloscope with disk drive: Yokogawa Model 
DL716 with 16-channel capability. Planned test procedure was departed from beginning 
with trip #19 (file id: TRIP018) in order to investigate the pump speed at which audible 
fluidhammer could be detected. This was found to be between 450 and 453 RPM. 
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Figure A.2.1 Trip #4, 120 RPM, File TRIP003 
Flow rate (top) and pressure (bottom) 
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Figure A.2.1 (cont'd) Pump speed 
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Figure A.2.2 Trip #7, 200 RPM, File TRIP006 
Flow rate (top) and pressure (bottom) 
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Figure A.2.2 (cont'd) Pump speed 
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Figure A.2.3 Trip #10, 300 RPM, File TRIP009 
Flow rate (top) and pressure (bottom) 
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Figure A.2.3 (cont'd) Pump speed 
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Figure A.2.4 Trip # 13, 400 RPM, File TRIP012 
Flow rate (top) and pressure (bottom) 
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Figure A.2.4 (cont'd) Pump speed 
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Figure A.2.5 Trip #24, 453 RPM, File TRIP023 (Onset of audible mercury hammer) 
Flow rate (top) and pressure (bottom) 
 
 103
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
0
50
100
150
200
250
300
350
400
450
500
Pump shaft speed during trip 23
t (seconds)
R
P
M
 
 
Figure A.2.5 (cont'd) Pump speed 
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Figure A.2.6 Trip #17, 500 RPM, File TRIP016 
Flow rate (top) and pressure (bottom) 
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Figure A.2.6 (cont'd) pump speed 
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Figure A.2.7 Trip #26, 600 RPM, File TRIP025 
Flow rate (top) and pressure (bottom) 
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Figure A.2.7 (cont'd) pump speed 
 
 
 
 
 
 
 
 
 
 
 
The rest of the graphs in Appendix A show details of the pressures recorded for the 600-
RPM trips. These pressures had the greatest magnitudes of those recorded. Pressures of 
~220 psi were experienced at the bulk feed and return locations. 
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Figure A.2.8 Bulk feed 2 pressure transient at 600 RPM (File TRIP025) 
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Figure A.2.9 Bulk feed pressure at 600 RPM (File TRIP024) 
IP
conds
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Figure A.2.10 Pump discharge manifold pressure at 600 RPM (File TRIP024) 
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Figure A.2.11 Superimposed pressure signals (File TRIP024) 
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APPENDIX B 
 
Unfiltered and Filtered Test Signals 
(Filtering technique as described in Section 5.1) 
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Figure B.1 Unfiltered pump sump pressure signal (600 RPM) 
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Figure B.2 Filtered sump pressure (600 RPM) 
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Figure B.3 Unfiltered bulk feed pressure (600 RPM) 
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Figure B.4 Filtered bulk feed (600 RPM) 
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Figure B.5 Unfiltered bulk return pressure (600 RPM) 
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Figure B.6 Filtered bulk return (600 RPM) 
 
 
 114
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-80
-60
-40
-20
0
20
40
60
Trip 24
su
re
 (p
si
)
time (s)
ha
r
 
re (600 RPM) 
 
ge
 p
re
s
p 
di
sc
P
um
Figure B.7 Unfiltered pump discharge pressu
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
20
0
-80
-60
-40
-20
40
time (s)
Trip 24
P
um
es
 
Figure B.8 Filtered pump discharge (600 RPM)  
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APPENDIX
AFT Fathom
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C.1 AFT Fathom / Impulse System Properties 
(Polynomial fit) 
a = 853.19 
 = -7.1767 e-6 
ynamic viscosity 
(Polynomial fit) 
 = 1.715 
K(MPa) vs. Temp(F) 
K(T) = a + bT + cT2 + dT3 + eT4
a = 25000 
b = -9.925747 e-13 
c = 2.64973 e-15 
d = e = 0 
 
Vapor Pressure 
PV = 182.3854 Pa                                                
(Polynomial fit) 
PV (Pa) vs. Temp(F) 
PV (T) = a + bT + cT2 + dT3 + eT4
a = -5813.232 
b = 135.7183 
c = -0.9930191 
d = 2.35354 e-3 
e = 3.017037 e-9 
 
Mercury at 100 F (Newtonian fluid) 
 
Density 
ρ = 13536.58 kg/m3 
ρ(lbm/ft3) vs. Temp(F) 
ρ(T) = a + bT + cT2 + dT3 + eT4
b = -0.080563 
c
d = e = 0 
 
D
µ = 3.59244 lbm/hr-ft 
µ(centipoise) vs. Temp(F) 
µ(T) = a + bT + cT2 + dT3 + eT4
a
b = -0.0024863 
c = 1.8668 e-6 
d = e = 0 
 
Bulk modulus of elasticity 
K = 24999.71 MPa 
(Polynomial fit) 
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*Vapor pressure data was entered 
T(F)                                   PV (Pa) 
80                                      6.77 
100                                    17.67 
150                                    126.61 
200                                    634.06 
250                                    2649.65 
300                                    9126.7 
 
Pump specifications 
 
Pump curves: 
 
Pressure rise 
∆P = a + bQ + cQ2 + dQ3 + eQ4
a = 168.29 
b = 0.022897 
c = -2.5412 e-4 
 
Efficiency curve 
η = a + bQ + cQ2 + dQ3 + eQ4                                  
a = 0.3154603 
b = 0.3373514 
c = -4.193178 e-4 
*Efficiency curve data was entered 
Q(GPM)               η(percent) 
0                           0 
100                       30 
200                       52 
300                       64 
350                       65 
400                       68 
430                       69 
 
 pump speed. 
his curve is from the certified performance data supplied by Tabor. 
All other curves were developed from this by shifting using the affinity laws. 
 
NPSPR (Net positive Suction Pressure Requ d) adjustment 
Affinity exponent at operating speed (k = 0.8) 
*This adjusts the full speed NPSHR to that at an alternate speed for a variable speed 
pump. 
 
NPSPR = NPSPR100 (n / n100 )k 
*Tabor pump curve data entered for 600 rpm
T
ire
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C.2 FathomTM Pipe and Junction Outputs 
Table C.2.1 AFT Fathom Pipe Summary 400 RPM 
m .) 2) sid) 
P
(p
r
sig
tal 
sid) 
tal  
sid) )Pipe Name 
Nomi
 
nal Vol
Pipe
Size 
. 
ngFlow
(gp
  
) 
Le
(in
th Area
(in.
Flow 
  
 
Velo
(ft/s) 
city fL
K 
/  D + Fri
(p
dP Sta
ctio
tic  
n  In
Static St
ress.  P
  
sig) 
O
(p
atic 
 Staess.  dP
ut  
) 
To
(p
tic  
 
dP Stag
To
(p
.  
P 
Stag
In  
(psig
.  
)
P 
Stag.  
Out  
(psig
1 Pipe 36 inch 0 9 . 002 17.3 7 4 538 4 982. 0 12 0.0017 0.000 4 1 .5 -0.24 5 -0.244 17 18
2 .5 57.5 56.8
3 Pipe 4 .57 56.8 56.3
 0 0 .4 67 59 82 2
 0 0 .2 52 59 9. 25 5
 0 0 .2 52 59 9. 25 5
 0 0 0 0 59 0 0
 0 4 0 0 59 7. 49 9
 0 0 0 25.2 2 67 7
 0 0 0 25 3. 16 6
 0 0 0 23.3 2. 92 2
 0 0 0 22.4 0. 71 1
 0 20.9 0 7 9
 0 7 . 615 55.1 5. 84 4
 0 7 . 609 55.7 5. 96 6
22 Pipe .79 55.5 54.8
23 Pipe .79 54.8 52.6
 0 7 . 489 52.6 9. 25 5
 0 7 . 292 49.8 7. 01 1
 0 7 . 633 44.3 4 14 4
 0 7 .7 779 44 0 6 9
 0 . 888 26.5 6. 49 9
 0 . 647 7.2 7.1 86 6
 0 7 . 990 55 5 4 7
 0 7 . 815 55.6 4. 78 8
 0 7 . 339 54.7 1. 62 2
 0 7 .7 955 51.8 9. 32 2
 0 7 . 743 49.6 7. 25 5
 0 7 . 120 44.2 3. 99 9
 0 7 .7 507 43.9 0 8 2
 0 . 418 26.4 44 4
 0 . 179 7.2 7. 62 2
 0 0 . 113 10 1 1 5
 0 0 . 058 17 0 9 4
 0 9 . 124 21.9 2. 55 5
43 Pipe .22 19.3 23.4
44 Pipe 4.22 0.6345 0.3490414 23.4 23.6 -0.1454 -0.1454 25 25
45 Pipe 6 inch 380 262 28.9 4.22 1.2711 0.900087 23.6 23.6 -0.0427 -0.0427 25 25
46 Pipe 6 inch 380 6.7 28.9 4.22 0.0142 0.0230175 23.6 23.2 0.4142 0.4142 25 25
47 Pipe 8 inch 380 145 50 2.43 0.6229 0.1246745 24.2 12.4 11.7313 11.7313 25 13
48 Pipe 6 inch 380 28.8 28.9 4.22 0.2094 0.0989409 11.2 10.9 0.3394 0.3394 13 13
49 Pipe 6 inch 380 7 28.9 4.22 0.0148 0.0240355 10.9 10.9 0.0485 0.0485 13 12
Pump  
Discharge 4 inch 380 23.5 12.7 9 7 0.0783 0.6533433 0.6533 0.6533 66 65
4 inch 
8 inch
380 
38
12.7
5
9
2
0.0133
3 0.31
0.1112074
29 0.017
0.5513 0.5513
0.65
65
60
65
594 Pipe 20.6 81 .5 58.8 0.658
5 Pipe 8 inch 19 11 5 1 2 0.0188 0.002 64 .1 5 1 0.00  0.002 59 59
6 Pipe 8 inch 19 11 5 1 2 0.0188 0.002 64 .1 5 1 0.00  0.002 59 59
7 Pipe 8 inch 5 5 0 .2 59.2 59 59
10 Pipe 2 inch 12 3. 0 .2 5 7 1.56  1.564 59 58
11 Pipe 2 inch 55.4 3.4 0 5 0.14  0.146 25 25
12 Pipe 2 inch 101.8 3.4 0 2 3 1.71  1.711 25 23
13 Pipe 2 inch 100.7 3.4 0 2 4 0.92  0.929 23 22
14 Pipe 2 inch 171.9 3.4 0 2 9 1.46  1.467 22 21
15 Pipe 2 inch 58.8 3.4 0 0 0 2 .4 0.53 9 0.537 21 20
20 Pipe 4 inch 19 14 12. 4 79 0.0481 0.100 5 5 7 -0.5  -0.58 57 58
21 Pipe 4 inch 19 23.6 12. 4 79 0.081 0.169 1 5 5 0.16  0.169 58 58
4 inch 
4 inch 
190 
190 
37.8
73.3
12.7
12.7
4
4
0.1298
0.7269
0.271662
0.5267942
0.7118 0.7118
2.2064 2.2064
58
57
57
55
24 Pipe 4 inch 19  108.6 12. 4 79 0.8481 0.780 1 4 8 2.80  2.802 55 52
25 Pipe 4 inch 19  169.1 12. 4 79 0.5805 1.215 1 4 4 2.34  2.340 52 50
26 Pipe 4 inch 19 33.9 12. 4 79 0.1164 0.243 4 4 0.34  0.341 46 46
27 Pipe 4 inch 19 95.7 12. 4 9 0.665 0.687 1 3 .8 13.22 9 13.226 46 33
28 Pipe 3 inch 19 2.6 7.4 8 25 0.0121 0.074 4 2 4 0.07  0.074 33 33
29 Pipe 3 inch 19 1 7.4 8 25 0.0046 0.028 8 0.02 0.028 13 13
30 Pipe 4 inch 19 14 12. 4 78 0.0481 0.099 6 5 .6 -0.58 7 -0.584 57 58
31 Pipe 4 inch 19 61.3 12. 4 78 0.2105 0.437 9 5 7 0.8  0.87 58 57
32 Pipe 4 inch 19  132.5 12. 4 78 0.9302 0.946 4 5 8 2.9  2.96 57 54
33 Pipe 4 inch 19 65.8 12. 4 8 0.7012 0.469 7 4 6 2.14  2.143 54 52
34 Pipe 4 inch 19  169.1 12. 4 78 0.5806 1.207 4 4 3 2.33  2.332 52 49
35 Pipe 4 inch 19 33.9 12. 4 78 0.1164 0.242 1 4 9 0.33  0.339 46 46
36 Pipe 4 inch 19 95.7 12. 4 8 0.665 0.683 1 3 .7 13.21 2 13.218 46 33
37 Pipe 3 inch 19 2.6 7.4 8 22 0.0121 0.074 8 26.3 0.07 0.074 33 32
38 Pipe 3 inch 19 1 7.4 8 22 0.0046 0.026 7 2 0.02  0.026 13 13
40 Pipe 5 inch 38 65.3 2 6 09 0.3271 0.571 2 7 -7.06 5 -7.061 13 20
41 Pipe 5 inch 38 16.7 2 6 09 0.0432 0.146 1 2 .2 -3.17 4 -3.179 20 24
42 Pipe 6 inch 38 122 28. 4
4
22 0.25
0.6025
86 0.419
0.2552537
5 2 1 -0.26
-4.1584 -4.1584
 -0.265 24
21
24
256 inch 
6 inch 
380 
380 
74.3
101.6
28.9
28.9
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Table C.2.2 AFT Fathom Junction Summary 400 RPM 
 
Jct Name 
Elevation  
Inlet  
(inches) 
Loss  Factor 
(K) 
dH    
(inches) 
P 
Static  
In  
(psig)
P 
Static  
Out  
(psig)
dP Static  
Total  
(psid) 
dP Stag.  
Total  (psid) 
P 
Stag. 
In 
(psig) 
P Stag. 
 Out (psig) 
1 Reservoir 4.3 0.5 0.0014 0 17.3 0.0007 0.0007 0 17
2 
Mercury  
Pump -31.6 0 -98.7684 17.5 57.5 -39.95616 -48.30175 18 66
3 Branch -31.6 0 0 56.8 56.8 0 0 65 65
4 Area Change -30.7 0.55 9.3875 56.3 59.5 -3.21565 4.59085 65 60
5 Manifold -29.7 See Losses See Losses 58.5 58.5 N/A See Losses 59 59
6 Manifold -29.7 See Losses See Losses 59.2 59.2 N/A See Losses 59 59
7 Manifold -29.7 See Losses See Losses 58.8 58.8 N/A See Losses 59 59
8 Manifold -29.7 0 0 59.2 59.2 0 0 59 59
X10 Control Valve -26.5 0 66.4366 57.7 25.2 32.49016 32.49016 58 25
11 Flange -26.2 0 0 25 25 0 0 25 25
12 Flange -22.7 0 0 23.3 23.3 0 0 23 23
13 Flange -20.8 0 0 22.4 22.4 0 0 22 22
14 
Window 
Venturi -17.8 0 0 20.9 20.9 0 0 21 21
20 Branch -31.1 0 0 55.7 55.7 0 0 58 58
21 Injection Tap -31.1 0 0 55.5 55.5 0 0 58 58
22 Branch -30.2 0 0 54.8 54.8 0 0 57 57
23 Flange -28.8 0 0 52.6 52.6 0 0 55 55
24 Flange -26.7 0 0 49.8 49.8 0 0 52 52
25 
Bulk #2  
Venturi -24.4 1.481 6.34 47.4 44.3 3.10051 3.10051 50 46
26 Flange -24.2 0 0 44 44 0 0 46 46
27 Area Change 0 0.087 0.3711 30.8 26.5 4.29597 0.18149 33 33
28 
Target 
 Module 0 3.1 39.3522 26.4 7.2 19.24482 19.24482 33 13
30 Branch -31.1 0 0 55.6 55.6 0 0 58 58
31 Flange -30.2 0 0 54.7 54.7 0 0 57 57
32 Flange -28.1 0 0 51.8 51.8 0 0 54 54
33 Flange -26.7 0 0 49.6 49.6 0 0 52 52
34 
Bulk #1  
Venturi -24.4 1.481 6.2995 47.3 44.2 3.0807 3.0807 49 46
35 Flange -24.2 0 0 43.9 43.9 0 0 46 46
36 Area Change 0 0.087 0.3687 30.7 26.4 4.26852 0.18033 33 33
37 
Target  
Module 0 3.1 39.1008 26.3 7.2 19.12185 19.12185 32 13
40 Branch 0 0 0 8.2 8.2 0 0 13 13
41 Tee/Wye -16.7 0 0 18.9 18.9 0 0 20 20
42 Area Change -23.5 0.021 0.1481 20.2 21.9 -1.68668 0.07243 24 24
43 Return Venturi -24.9 1.775 5.8824 22.1 19.3 2.87674 2.87674 24 21
44 Flange -35.4 0 0 23.4 23.4 0 0 25 25
45 Flange -37.8 0 0 23.6 23.6 0 0 25 25
46 Flange -42.1 0 0 23.6 23.6 0 0 25 25
47 Area Change -41.3 0.081 0.2671 23.2 24.2 -0.94958 0.13062 25 25
48 Area Change -18 0.176 0.1945 12.4 11.2 1.17532 0.09513 13 13
49 Branch -18 0 0 10.9 10.9 0 0 13 13
50 Reservoir 4.3 1 3.314 0 10.9 1.6207 1.6207 0 11
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Table C.2.3 AFT Fathom Pipe Summary 600 RPM 
 
Pipe Name 
Pipe   
Nom  
Size 
Vol.   
Flow  
(gpm) 
Length   
(in) 
Flow  
Area  
(in2) 
Vel.    
(ft/s) 
fL/  D  
+ K 
dP Static  
 Friction   
(psid) 
P  
Static  
In   
(psig) 
P  
Static   
Out   
(psig) 
dP Static   
Total  
 (psid) 
dP Stag.  
Total  
(psid) 
P Stag.  
In  
(psig) 
P Stag.  
Out  
(psig) 
1 Pipe 36 in 555 4 982.9 0.18 0.0016 0.000004 17 18 -0.2445 -0.2445 17 18
2 
Pump  
Discharg 4 inch 555 23.5 12.7 13.98 0.0774 1.379952 103 101 1.38 1.38 120 119
3 Pipe 4 inch 555 4 12.7 13.98 0.0132 0.234885 101 100 0.675 0.675 119 118
4 Pipe 8 inch 555 20.6 50 3.56 0.312 0.036679 107 106 0.849 0.849 108 108
5 Pipe 8 inch 277 11 50 1.78 0.018 0.005178 107 107 0.0052 0.0052 107 107
6 Pipe 8 inch 277 11 50 1.78 0.018 0.005178 107 107 0.0052 0.0052 107 107
7 Pipe 8 inch 0 5 50 0 0 0 107 107 0 0 107 107
10 Pipe 2 inch 0 12 3.4 0 0 0 107 106 1.5649 1.5649 107 106
11 Pipe 2 inch 0 55.4 3.4 0 0 0 37 36 0.1467 0.1467 37 36
12 Pipe 2 inch 0 101.8 3.4 0 0 0 36 35 1.7116 1.7116 36 35
13 Pipe 2 inch 0 100.7 3.4 0 0 0 35 34 0.9292 0.9292 35 34
14 Pipe 2 inch 0 171.9 3.4 0 0 0 34 32 1.4671 1.4671 34 32
15 Pipe 2 inch 0 58.8 3.4 0 0 0 32 32 0.5379 0.5379 32 32
20 Pipe 4 inch 278 14 12.7 7 0.0472 0.210846 98 99 -0.4738 -0.4738 103 103
21 Pipe 4 inch 278 23.6 12.7 7 0.0795 0.355426 99 99 0.3554 0.3554 103 103
22 Pipe 4 inch 278 37.8 12.7 7 0.1274 0.569285 99 98 1.0094 1.0094 103 102
23 Pipe 4 inch 278 73.3 12.7 7 0.7223 1.103931 98 94 3.9126 3.9126 102 98
24 Pipe 4 inch 278 108.6 12.7 7 0.8412 1.635564 94 89 4.7866 4.7866 98 93
25 Pipe 4 inch 278 169.1 12.7 7 0.5698 2.546722 89 85 3.6715 3.6715 93 90
26 Pipe 4 inch 278 33.9 12.7 7 0.1142 0.510549 79 78 0.6084 0.6084 83 82
27 Pipe 4 inch 278 95.7 12.7 7 0.659 1.441285 78 63 14.7797 14.7797 82 68
28 Pipe 3 inch 278 2.6 7.4 12.05 0.0119 0.157937 54 54 0.1579 0.1579 67 67
29 Pipe 3 inch 278 1 7.4 12.05 0.0046 0.060957 13 13 0.061 0.061 26 26
30 Pipe 4 inch 277 14 12.7 6.98 0.0472 0.209541 98 99 -0.4751 -0.4751 103 103
31 Pipe 4 inch 277 61.3 12.7 6.98 0.2066 0.917493 99 97 1.3576 1.3576 103 102
32 Pipe 4 inch 277 132.5 12.7 6.98 0.9218 1.983163 97 92 5.1208 5.1208 102 97
33 Pipe 4 inch 277 65.8 12.7 6.98 0.697 0.984846 92 89 3.7801 3.7801 97 93
34 Pipe 4 inch 277 169.1 12.7 6.98 0.5699 2.530965 89 85 3.6558 3.6558 93 89
35 Pipe 4 inch 277 33.9 12.7 6.98 0.1143 0.507390 78 78 0.6052 0.6052 83 82
36 Pipe 4 inch 277 95.7 12.7 6.98 0.659 1.432367 78 63 14.7613 14.7613 82 67
37 Pipe 3 inch 277 2.6 7.4 12.02 0.0119 0.156953 54 54 0.157 0.157 67 67
38 Pipe 3 inch 277 1 7.4 12.02 0.0046 0.055418 13 13 0.0554 0.0554 26 26
40 Pipe 5 inch 555 65.3 20 8.89 0.3245 1.200621 19 25 -5.8256 -5.8256 26 32
41 Pipe 5 inch 555 16.7 20 8.89 0.0426 0.307050 25 28 -3.0184 -3.0184 32 35
42 Pipe 6 inch 555 122 28.9 6.16 0.2535 0.876932 31 31 0.1923 0.1923 35 34
43 Pipe 6 inch 555 74.3 28.9 6.16 0.5994 0.534066 25 28 -3.0611 -3.0611 28 31
44 Pipe 6 inch 555 101.6 28.9 6.16 0.6302 0.730298 28 27 1.0066 1.0066 31 30
45 Pipe 6 inch 555 262 28.9 6.16 1.2601 1.883249 27 25 2.2569 2.2569 30 28
46 Pipe 6 inch 555 6.7 28.9 6.16 0.0139 0.048159 25 24 0.4394 0.4394 28 28
47 Pipe 8 inch 555 145 50 3.56 0.6165 0.258680 26 14 12.1059 12.1059 27 15
48 Pipe 6 inch 555 28.8 28.9 6.16 0.2082 0.207013 12 11 0.7203 0.7203 15 14
49 Pipe 6 inch 555 7 28.9 6.16 0.0145 0.050496 11 11 0.0749 0.0749 14 14
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Table C.2.4 AFT Fathom Junction Summary 600 RPM 
 
Jct Name 
Elevation  
Inlet  
(inches) Loss  Factor (K) dH    (inches) 
P 
Static  
In  
(psig) 
P 
Static  
Out  
(psig) 
dP Static  
Total  
(psid) 
dP Stag.  Total  
(psid) 
1 Reservoir 4.3 0.5 0.0031 0 17 0.0015 0.0015
2 Mercury Pump -31.6 0 -210.242 18 103 -85.0006 -102.8
3 Branch -31.6 0 0 101 101 0 0
4 Area Change -30.7 0.55 20.0405 100 107 -6.8648 9.8006
5 Manifold -29.7 See Losses See Losses 106 106 N/A See Losses 
6 Manifold -29.7 See Losses See Losses 107 107 N/A See Losses 
7 Manifold -29.7 See Losses See Losses 106 106 N/A See Losses 
8 Manifold -29.7 0 0 107 107 0 0
X10 Control Valve -26.5 0 141.4623 106 37 69.1808 69.181
11 Flange -26.2 0 0 36 36 0 0
12 Flange -22.7 0 0 35 35 0 0
13 Flange -20.8 0 0 34 34 0 0
14 Window Venturi -17.8 0 0 32 32 0 0
20 Branch -31.1 0 0 99 99 0 0
21 Injection Tap -31.1 0 0 99 99 0 0
22 Branch -30.2 0 0 98 98 0 0
23 Flange -28.8 0 0 94 94 0 0
24 Flange -26.7 0 0 89 89 0 0
25 Bulk #2 Venturi -24.4 1.481 13.5342 85 79 6.6188 6.6188
26 Flange -24.2 0 0 78 78 0 0
27 Area Change 0 0.087 0.7922 63 54 9.1707 0.3874
28 Target Module 0 3.1 84.0064 54 13 41.0825 41.083
30 Branch -31.1 0 0 99 99 0 0
31 Flange -30.2 0 0 97 97 0 0
32 Flange -28.1 0 0 92 92 0 0
33 Flange -26.7 0 0 89 89 0 0
34 Bulk #1 Venturi -24.4 1.481 13.4486 85 78 6.5769 6.5769
35 Flange -24.2 0 0 78 78 0 0
36 Area Change 0 0.087 0.7872 63 54 9.1128 0.385
37 Target Module 0 3.1 83.4754 54 13 40.8228 40.823
40 Branch 0 0 0 15 15 0 0
41 Tee/Wye -16.7 0 0 29 29 0 0
42 Area Change -23.5 0.021 0.3162 28 31 -3.6007 0.1546
43 Return Venturi -24.9 1.775 12.5578 31 25 6.1413 6.1413
44 Flange -35.4 0 0 28 28 0 0
45 Flange -37.8 0 0 27 27 0 0
46 Flange -42.1 0 0 25 25 0 0
47 Area Change -41.3 0.081 0.5702 24 26 -2.0272 0.2788
48 Area Change -18 0.176 0.4152 14 12 2.5091 0.2031
49 Branch -18 0 0 11 11 0 0
50 Reservoir 4.3 1 7.0748 0 11 3.4599 3.4599
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 Table C.2.5 Junction Loss Table 
 
 
    
      
Jct Pipe  # Pipe  Dir. dP Stag. Total  (psid) dH  (inches) Loss Factor (K) 
5 P4 In 0.23 0.47 0.2 
 P5 Out 0.058 0.12 0.2 
 P20 Out 4.5 9.1 1 
6 P5 In 0 0 0 
 P6 Out 0.058 0.12 0.2 
 P10 Out 0 0 0 
7 P6 In 0.058 0.12 0.2 
 P7 Out 0 0 0 
 P30 Out 4.4 9.1 1 
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C.3 Impulse Graphical Output 
 
*In the following graphs of pressure versus time (Figures C.3.1 – 6, 13, 15 – 19, and 26), 
the data is clipped at a minimum value of about -15 psi corresponding to the saturation 
pressure of Mercury. AFT ImpulseTM uses the saturation pressure as the lower limit that 
can be displayed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C.3.1 Pump sump pressure during 500-RPM pump trip 
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Figure C.3.2 Pump discharge manifold pressure during 500-RPM pump trip 
 
 
 
 
 
Figure C.3.3 Bulk feed 2/West pressure during 500-RPM pump trip 
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Figure C.3.4 Target nose pressure during 500-RPM pump trip 
 
 
 
 
Figure C.3.5 Bulk return pressure during 500-RPM pump trip 
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Figure C.3.6 Bulk feed pressure near venturi during 500-RPM pump trip 
 
 
 
 
 
Figure C.3.7 Bulk feed volumetric flow rate during 500-RPM pump trip 
 
 
 
 129
  
 
Figure C.3.8 Bulk return flow rate during 500-RPM pump trip 
 
 
 
 
 
Figure C.3.9 Max/min pressure profile from pump to return reservoir during 500-
RPM pump trip 
(limited accuracy due to excess number of predicted pressure spikes) 
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Figure C.3.10 Vapor volume profile from pump to return reservoir during 500-
RPM pump trip 
 
 
 
Figure C.3.11 Detail of vapor volume in target nose during 500-RPM pump trip 
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Figure C.3.12 Time dependence of vapor volume at P29 during 500-RPM pump trip 
 
 
 
 
Figure C.3.13 Target nose pressure during 500-RPM pump trip 
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Figure C.3.14 Pump speed profile during 500-RPM pump trip 
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Figure C.3.15 Pump sump pressure during 600-RPM pump trip 
 
 
 
 
Figure C.3.16 Pump discharge manifold pressure during 600-RPM pump trip 
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Figure C.3.17 Bulk feed 2/West pressure during 600-RPM pump trip 
 
 
 
 
 
 
 
Figure C.3.18 Bulk return pressure during 600-RPM pump trip 
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Figure C.3.19 Target nose pressure during 600-RPM pump trip 
 
 
 
 
 
 
 
Figure C.3.20 Bulk feed volumetric flow rate during 600-RPM pump trip 
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Figure C.3.21 Bulk return volumetric flow rate during 600-RPM pump trip 
 
 
 
 
 
Figure C.3.22 Max/min pressure profile from pump to return reservoir during 600-
RPM pump trip  
(probably not very accurate due to non-physical pressure spikes) 
 138
 
 
 
 
 
Figure C.3.23 Vapor volume profile from pump to return reservoir during 600-
RPM pump trip 
 
 
 
 
Figure C.3.24 Detail of vapor volume in P29 during 600-RPM pump trip 
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Figure C.3.25 Pump speed profile during 600-RPM pump trip 
 
 
 
 
 
 
Figure C.3.26 Target nose pressure during 600-RPM pump trip 
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